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CuInSe2  (ClS)-based  compound  semiconductors  are  increasingly  important  absorber 
layer  materials  for  thin  film  solar  cells.  A  better  understanding  of  the  growth  kinetics  of 
CuInSe2  thin  films  as  a  function  of  the  process  parameters  would  benefit  the  development 
of  this  technology. 

The  reaction  kinetics  for  formation  of  CuInSe2  from  the  bilayer  structure  InSe/CuSe 
was  studied  in-situ  by  high-temperature  X-ray  diffraction.  The  reaction  pathway 
produces  a  diffusion  barrier  layer  that  can  be  schematically  represented  as  InSe|CuSe  -» 
InSe|CuInSe2|CuSe.  Two  different  analyses  based  on  the  Avrami  and  the  parabolic  rate 
laws  suggest  that  the  reaction  is  one-dimensional  diffusion  controlled.  The  estimated 
apparent  activation  energy  from  each  model  is  66.0  and  65.2  kJ/mol,  respectively.  The 
result  demonstrates  that  the  time-resolved  high  temperature  X-ray  diffraction  provides  a 
powerful  method  for  studying  the  reaction  kinetics  of  CuInSe2  growth. 

xv 


The  thermodynamic  driving  force  for  formation  of  copper  selenide  phase  and  the  grain 
size  distribution  in  CuInSe2  films  was  investigated.  Large  grains  (~  a  few  urn)  were 
observed  in  the  CuInSe2  films  annealed  with  a  CuSe  layer  while  films  annealed  without 
this  layer  exhibited  very  small  grain  size  (<  0.2  urn).  This  result  suggests  a  secondary 
grain  growth  mechanism  driven  by  the  surface-energy  anisotropy  is  responsible  for  the 
increased  grain  size. 

Epitaxial  growth  of  CuInSe2  and  CuGaSe2  on  (001)  GaAs  substrates  was  attempted. 
The  result  shows  that  the  crystalline  structure  and  its  quality  strongly  depends  on  the  film 
stoichiometry,  especially  the  [Cu]/[III]  atomic  ratio,  with  Cu-rich  compositions  showing 
higher  crystalline  quality. 

A  two-dimensional  model  of  heat  transfer  in  the  growth  reactor  was  developed  for  a 
rotating  platen/substrate  in  the  molecular  beam  epitaxial  reactor  that  was  used  for  film 
growth.  Time-varying  view  factors  were  included  in  the  model  to  solve  the  problem 
dynamically  and  to  account  for  the  fact  that  the  platen  rotating  at  a  given  angular  speed. 
The  modeling  results  predict  the  temperature  uniformity  on  the  substrate  surface  is  good 
(<  ±10  °C)  at  a  set  point  temperature  in  the  range  200  to  500  °C  and  rotation  rate  of  20 
rpm. 
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CHAPTER  1 
INTRODUCTION 

This  chapter  presents  an  overview  of  this  dissertation,  description  of  the  deposition 
system  for  processing  CuInSe2  (CIS)  thin  films,  and  finally  a  statement  of  problems 
addressed  in  this  dissertation. 

The  second  chapter  reviews  the  key  principles  associated  with  CIS  thin  film 
photovoltaic  technology.  In  particular,  it  presents  the  basic  principles  of  solar  cell  device 
operation  as  well  as  specific  features  and  recent  progress  in  CuInSe2-based  solar  cell 
applications.  The  material  properties,  crystal  structure,  chemistry,  and  processing  of 
CuInSe2  thin  films  are  also  discussed.  Finally,  techniques  to  characterize  CuInSe2  thin 
films  are  summarized. 

The  third  chapter  presents  the  result  of  a  study  on  the  reaction  kinetics  and  pathways 
of  CuInSe2  film  growth.  The  reaction  kinetics  for  formation  of  CuInSe2  from  precursor 
films  consisting  of  stacked  binary  M-Se  layers  were  studied  using  high-temperature  X- 
ray  diffraction  analysis.  Different  reaction  pathways  and  phase  transformations  were 
observed  depending  on  the  deposited  precursor  film  structure.  For  example,  the 
isothermal  phase  evolution  of  the  InSe|CuSe  couple  film  was  observed  at  different 
temperatures  by  in-situ  time-resolved  X-ray  diffraction.  The  pathway  produces  a 
diffusion  barrier  layer  that  can  be  schematically  represented  as  InSe|CuSe  -> 
InSe|CuInSe2|CuSe.  This  product  layer  also  serves  as  a  nucleation  barrier.  As  a  result, 
amorphous  and  crystalline  phases  simultaneously  grow  during  the  isothermal  heating. 
The  rate  of  reaction  exhibits  a  deceleratory  behavior  consistent  with  a  diffusion- 
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controlled  reaction  mechanism.  Two  different  analyses  based  on  the  Avrami  and  the 
parabolic  rate  laws  were  performed.  The  Avrami  exponent  for  each  isothermal  reaction 
is  between  0.5  and  0.8,  which  indicates  that  the  growth  reaction  is  dominantly  one- 
dimensional,  diffusion  controlled.  The  estimated  apparent  activation  energy  for  this 
reaction  is  66.0  kJ/mol.  The  result  from  the  parabolic  rate  law  is  very  consistent  with  the 
Avrami  analysis  and  an  almost  identical  apparent  activation  energy  (65.2  kJ/mol)  was 
obtained. 

In  the  fourth  chapter,  a  thermodynamic  analysis  of  the  effect  of  a  copper  selenide 
phase  on  the  grain  size  distribution  of  CuInSe2  films  is  presented.  The  CuInSe2  films 
were  deposited  onto  molybdenum-coated  soda  lime  glass  substrates  using  a  molecular 
beam  epitaxy  system.  In  this  study,  the  composition  of  the  as-grown  CuInSe2  films  was 
controlled  to  be  stoichiometric  (possibly  slightly  Cu-rich).  The  a  layer  of  CuSe  was 
deposited  on  top  of  the  as-grown  CuInSe2  films.  These  bi-layer  samples,  CuInSe2/CuSe, 
were  annealed  under  various  conditions.  The  grain  size  distribution  of  the  annealed  films 
was  estimated  using  SEM  images  and  the  full  width  of  half  maximum  (FWHM)  of  XRD 
peaks.  Large  grains  (a  few  fim)  were  observed  from  samples  annealed  with  the  copper 
selenide  layer  while  the  samples  annealed  without  this  layer  showed  very  small  grains  (< 
0.2  um).  After  annealing  the  CuInSe2/CuSe  films,  the  peak  area  of  the  (112)  orientation 
consistently  increased,  while  that  of  the  (220)/(204)  orientations  decreased,  suggesting  a 
difference  in  surface  energy  is  important.  The  results  were  interpreted  by  assuming  a 
thermodynamic  driving  force,  surface-energy  anisotropy,  is  responsible  for  the  grain  size 
increase  of  the  CuInSe2  film. 


In  the  fifth  chapter,  preliminary  results  on  the  epitaxial  growth  of  CuInSe2  and 
CuGaSe2  films  on  (001)  GaAs  substrates  are  discussed.  Previous  work  in  our  research 
group  on  epitaxial  growth  of  CuInSe2  films  on  GaAs  (001)  was  reported  (Stanbery  2002). 
Under  certain  conditions,  crystal  structure  of  the  CuInSe2  films  was  found  to  be  Cu-Au 
(CA)  structure  rather  than  more  commonly  observed  chalcopyrite  (CH)  structure.  The 
results  reported  in  this  chapter  show  that  the  crystal  structure  and  its  quality  depended  on 
the  film  stoichiometry,  especially  the  [Cu]/[III]  atomic  ratio.  SEM  and  AFM 
examination  revealed  that  the  Cu-rich  CuInSe2  and  CuGaSe2  films  consisted  of  a  highly 
oriented  array  of  facetted  islands  on  the  surface,  and  that  a  textured  background  region 
lies  adjacent  or  beneath  those  islands.  The  specific  surface  morphology  was  an  indication 
of  the  epitaxial  growth  or  textured  structure  of  the  film.  It  is  believed  that  Cu-rich 
compositions  quality  of  the  epitaxially  grown  films.  There  was  a  structural  and 
compositional  distinction  between  the  islands  and  the  background  regions  of  Cu-rich 
films.  More  extensive  study  is  needed  to  establish  detailed  process  parameters  and 
improve  the  quality  of  the  epitaxially  grown  films. 

The  final  chapter  presents  a  thermal  mode  of  the  migration  enhanced  epitaxial  (MEE) 
deposition  system  that  was  used  to  produce  the  CuInSe2-based  films.  The  finite  element 
method  was  used  to  model  the  heat  transfer  in  a  MEE  reactor.  The  thermal  domain 
included  is  a  rotating  platen  that  holds  nine  substrates.  Time-varying  view  factors  were 
employed  to  solve  the  problem  dynamically,  and  account  for  the  rotational  motion.  A 
two-dimensional  temperature  profile  of  the  platen  and  the  substrates  was  obtained.  The 
relationship  between  the  actual  substrate  temperature  and  the  control  thermocouple  was 
also  modeled.  It  is  demonstrated  that  the  existence  of  thermal  contact  resistance  between 


the  platen  and  the  substrates  improves  the  temperature  uniformity  of  the  substrate.  The 
modeling  results  predict  that  the  temperature  distribution  of  the  substrate  surface  showed 
good  uniformity  of  the  given  conditions,  a  set  point  temperature  in  the  range  200  to  500 
°C  and  rotation  rate  of  20  rpm. 

1.1    System  Description 

The  photovoltaic  research  group  at  the  University  of  Florida  developed  a  plasma- 
assisted  migration  enhanced  epitaxy  (PMEE)  deposition  system  to  produce  CuInSe2- 
based  absorber  layers  for  thin  film  solar  cell  applications.  The  system  is  basically  a 
variant  of  the  molecular  beam  epitaxy  (MBE)  system.  In  addition  to  the  capabilities  of  a 
typical  MBE,  it  is  capable  of  processing  nine  samples  situated  on  a  large  rotating  platen. 
Square  substrates  of  2  in.x2  in.,  2  in  diameter  wafers  (Si  or  GaAs)  or  1  cmxl  cm  of 
square  substrates  can  be  loaded  onto  the  platen.  The  migration  enhanced  feature  of  the 
system  is  established  by  the  sequential  deposition  of  each  source  through  a  revolution  of 
the  platen  rather  than  simultaneous  co-deposition  of  all  the  sources. 

As  a  modified  MBE  system,  it  creates  an  ultra  high  vacuum  environment  and 
molecular  beam  fluxes  of  the  elemental  sources.  The  pumping  unit  consists  of  three 
mechanical  pumps,  one  large  capacity  diffusion  pump,  a  turbo  molecular  pump  (TMP), 
and  a  liquid  nitrogen  cryogenic  pump.  The  base  pressure  can  be  maintained  as  low  as 
8x1 0~9  Torr  with  a  cryogenic  pumping.  The  pressure  during  deposition  is  typically  in  the 
range  10"8  to  10"7  Torr  depending  on  the  magnitude  of  the  source  fluxes.  The  pressure 
can  elevate  as  high  as  10"5  Torr  range  when  an  inert  gas  is  introduced  to  the  system  to 
generate  plasma.  In  standby  mode,  the  system  pressure  is  maintained  as  low  as  5x1 0"7 
Torr  by  the  turbo  molecular  pump  and  a  back-up  mechanical  pump. 


The  deposition  chamber  is  divided  into  four  zones,  as  shown  in  Figure  1.1.  It  consists 
of  a  heater  zone,  a  metal  deposition  zone,  a  load-lock  zone,  and  a  chalcogen  deposition 
zone  (as  reviewed  in  counter-clockwise  direction).  As  described  above,  the  system 
adopts  a  rotating  platen  that  delivers  the  substrates  to  all  the  zones  sequentially  and 
periodically.  A  radiation  heater  is  located  in  the  heater  zone;  hence,  the  substrates  and 
the  platen  are  heated  while  they  pass  through  the  heater  zone.  In  other  zones,  the 
substrates  are  slowly  cooled  since  there  is  no  direct  heating  source.  A  slight  non-uniform 
temperature  distribution  on  the  platen  and  substrates  is  expected  due  to  the  complex 
design.  Two  effusion  source  cells  are  located  in  the  metal  deposition  zone.  Impingement 
of  Cu  and  In  fluxes  occurs  while  the  heated  substrates  pass  through  the  metal  deposition 
zone.  Rotation  of  the  platen  continuously  delivers  the  substrates  to  the  cooling  zone  (or 
load-lock  zone)  where  neither  deposition  nor  heating  occurs.  Finally,  the  substrates  enter 
the  chalcogen  deposition  zone  and  deposition  of  Se  or  S  occurs.  The  cycle  is  repeated 
with  the  rotational  motion  of  the  platen.  The  above  description  about  the  rotational 
motion  and  sequential  deposition  assumes  counter-clockwise  rotation  of  the  platen.  The 
direction  of  the  rotation,  of  course,  can  be  either  clockwise  or  counter-clockwise  so  that 
the  sequence  of  deposition  may  be  reversed.  The  selenium  deposition  zone  was  isolated 
from  the  other  zones  to  minimize  selenium  deposition  in  the  other  parts  of  the  system. 
Selenium  has  the  highest  vapor  pressure  among  all  the  elemental  sources  and 
correspondingly  creates  the  highest  background  pressure;  hence,  it  can  cause  serious 
contamination  of  other  parts,  such  as  the  ion  gauges.  The  substrates  are  loaded  into  the 
PMEE  system  through  the  load-lock  zone.  A  separate  chamber,  the  load-lock,  is 


connected  to  the  main  chamber,  which  makes  it  possible  to  move  the  substrates  in  and  out 
without  venting  the  main  chamber. 


Thermal  cracker 


Metals     /(cu) 
deposition 
zone 


Chalcogen  zone 


Plasma/cracker 


Load  lock  zone 


Figure  1 . 1    Schematic  top  view  of  the  plasma-assisted  migration  enhanced  epitaxy 
(PMEE)  system 

Five  effusion  source  heaters  (Cu,  In,  Ga,  Se,  and  S)  are  located  in  the  main  chamber. 
Three  thermal  evaporation  sources  produce  create  copper,  indium,  and  gallium  fluxes. 
Due  to  the  high  melting  temperatures  and  the  high  sticking  coefficients  of  copper  and 
gallium,  a  dual  filament  system  was  adopted  in  these  sources  to  ensure  a  completely 
melted  surface  and  prevent  condensation  on  the  wall  near  the  exit  of  the  effusion  cell. 

The  source  heater  for  selenium  was  more  complex.  It  consisted  of  a  cracker  and  a 
crucible.  It  is  known  that  selenium  vapor  evaporates  as  a  mixture  of  several  molecular 
phases  (e.g.,  Se,  Se2,  Se6,  and  Seg).  The  high  molecular  weight  species  do  not  react  as 
readily  as  the  other  species  on  the  substrate  even  at  high  temperature. 
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Figure  1 .2    Schematic  structure  of  the  platen  and  the  control  thermocouple,  (a)  Top  view 
of  the  platen  showing  two  of  the  9  substrate-holders  and  the  position  of  the  heater,  (b) 
Cross-sectional  view  showing  the  mounting  of  the  heater  above  the  platen,  the  position  of 
a  control  thermocouple  in  the  open  gap,  and  the  position  of  a  glass  substrate  fitted  in  a 
holder  that  lies  in  an  incision  made  in  the  platen. 

The  thermal  cracker  was  designed  to  reduce  the  concentration  of  the  high  molecular 
weight  species.  The  temperature  condition  for  the  cracker  during  deposition  is  usually  in 
the  range  350  to  1000  °C.  The  second  selenium  source  is  located  in  the  chalcogen 
deposition  zone.  This  source  was  designed  for  plasma  cracking  of  a  selenium  molecular 
flux  to  yield  lower  molecular  weight  Sex.  Electron  cyclotron  resonance  (ECR)  plasma  is 
generated  and  maintained  in  a  sapphire  tube  that  works  as  a  wave-guide  and  for  the 
passage  of  selenium  molecular  flux.  This  source  cell  can  be  used  for  both  selenium  and 
sulfur.  Both  sequential  and  simultaneous  deposition  can  be  conducted  by  controlling 
these  effusion  cells. 

The  fluxes  from  the  copper  and  the  indium  sources  are  measured  in-situ  by  EIES 
sensors.  A  closed  loop  feed-back  control  scheme  implemented  using  the  EIES  sensors 
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for  the  Cu  and  the  In  sources.  The  EIES  sensors  can  be  calibrated  by  quartz  crystal 
monitors  (QCM)  that  are  located  over  the  source  cells.  There  is  no  sensor  that  directly 
measures  the  chalcogen  (selenium  and  sulfur)  flux  rate  in-situ;  hence,  the  flux  rate  is 
calculated  by  depositing  the  chalcogens  on  a  substrate  at  room  temperature  and 
measuring  the  film  thickness.  For  the  chalcogen  sources,  a  closed  loop  feed-back  control 
based  on  temperature  is  used. 

Along  with  the  unique  features  of  the  system  described  above,  the  current  growth 
system  has  both  advantages  and  limitations  compared  to  other  deposition  techniques. 
First,  it  has  the  advantages  of  the  MBE  system,  including  a  clean  ultra  high  vacuum 
environment  and  a  relatively  precise  control  over  the  flux.  Combined  with  the  shutter 
operation  and  the  rotational  motion  of  the  platen,  an  operation  of  atomic  layer  deposition 
mode  is  also  possible.  In  addition,  the  design  has  a  relatively  high  sample  throughput 
since  nine  samples  processed  in  one  batch.  Adopting  the  sequential  deposition  scheme 
gives  more  versatile  tool,  i.e.,  the  rotation  speed  and  the  rotation  direction  can  be  varied. 

There  exist  some  disadvantages  of  this  system  as  well.  Due  to  the  rotational  motion  of 
the  platen/substrates,  direct  in-situ  measurement  of  the  substrate  temperature  is  very 
difficult.  The  measurement  thermocouple  is  currently  located  in  the  gap  between  the 
platen  and  the  heater,  and  reads  a  temperature  at  a  fixed  position  independent  of  rotation. 
The  localized  heater  location  in  a  rotation  system  creates  a  time-dependent  non-uniform 
temperature  distribution  on  the  substrate  surface.  The  growth  rate  is  significantly  limited 
by  the  chalcogen  flux  delivery.  Even  with  high  chalcogen  flux  rate  ([Se]/[Cu]+[In]  >  5), 
it  is  a  challenge  to  deliver  sufficient  chalcogen  incorporation  for  growth  at  high 
temperature.  This  is  because  the  chalcogen  deposition  zone  is  removed  from  the  metal 


deposition  zone,  and  the  transit  time  between  the  zones  allows  the  high-vapor-pressure 
material  to  be  easily  re-evaporated  from  the  surface.  As  a  result,  the  maximum  flux  rates 
of  copper  and  indium  should  be  also  limited,  thus  making  it  difficult  to  grow  at  high  rate. 

1 .2    Statement  of  Problems 

Cu(In,Se)Se2  (CIGS)-based  compound  semiconductors  are  increasingly  important  as 
the  absorber  layer  material  of  thin  film  solar  cells.  The  energy  conversion  efficiency  of 
the  CIS-based  solar  cells  has  reached  that  of  the  best  solar  cells  made  of  crystalline 
silicon  and  gallium  arsenide.  While  there  have  been  many  studies  of  the  growth 
mechanism  of  the  CuInSe2  film,  it  is  not  yet  fully  understood  partly  due  to  complex  phase 
evolution  and  defect  chemistry  in  that  material  system.  In  a  Cu-In-Se  ternary  system, 
various  binary  and  ternary  phases  can  be  present  and  transformed  into  many  different 
phases  during  synthesis  of  the  absorber  film.  For  these  reasons,  the  fundamentals  of  the 
growth  mechanism  for  CIGS  synthesis  are  still  ambiguous.  Such  lack  of  scientific  and 
engineering  basis  leads  to  difficulties  in  scaling  up  promising  laboratory  processes. 

Among  many  important  issues,  the  following  five  problems  are  addressed  in  this 
dissertation. 

1.  Quantitative  investigation  of  the  reaction  kinetics  of  CuInSe2  thin  film  growth  using 
in-situ  time-resolved,  high-temperature  X-ray  diffraction. 

2.  Study  of  the  grain  growth  mechanism  of  CuInSe2  thin  films:  influence  of  the  CuSe 
phase. 

3.  Epitxial  growth  of  CuInSe2  and  CuGaSe2  films  on  (001)  GaAs  substrates. 

4.  Thermal  modeling  of  the  PMEE  growth  system  to  better  understand  the  relations 
between  the  process  parameters  and  the  material  properties  of  the  grown  films. 


5.  Development  of  a  suitable  growth  process  of  CuInSe2-based  absorber  layer  for 
material  property  improvement  and  process  scale-up. 


CHAPTER  2 
BACKGROUND  AND  LITERATURE  REVIEW  OF  SOLAR  CELL  AND  CUINSE2- 

BASED  MATERIALS 

This  chapter  discusses  the  key  principles  and  technologies  in  CIS  thin  film  solar  cells. 
In  particular,  section  2.1  describes  basic  principles  and  fundamentals  of  the  solar  cell 
device,  and  section  2.2  presents  specific  features  and  recent  progress  in  CuInSe2-based 
solar  cell  applications.  Section  2.3  describes  the  material  properties,  crystal  structure, 
chemistry,  and  processing  of  CuInSe2  thin  films.  Section  2.4  summarizes  some  of 
characterization  techniques  for  CuInSe2  thin  films. 

2.1    Solar  Cell  Fundamentals 

A  photovoltaic  device  or  solar  cell  converts  sunlight  (or  photon  energy)  directly  into 
electricity  using  the  photovoltaic  properties  of  suitable  materials.  The  photovoltaic  effect 
was  discovered  by  Becquerel,  in  1 839.  Solar  cell  technology  has  developed 
tremendously  during  the  last  three  decades  (Moller  1993).  Silicon  was  the  first 
commercially  used  solar  cell  material  and  is  still  the  most  usually  produced  by  industry. 
A  wide  range  of  semiconductors,  such  as  GaAs,  CdTe,  InP,  CdS,  and  CuInSe2-based 
materials,  is  currently  being  explored  for  their  potential  use  in  photovoltaic  applications. 

The  wavelength  distribution  of  the  sunlight  follows  approximately  the  radiation 
distribution  of  a  black  body  at  6000K;  however,  there  are  some  deviations  in  the  actual 
spectral  distribution  due  to  absorption  effects  in  the  atmosphere.  The  radiation  power  is 
usually  measured  in  air  mass  (AM)  units.  For  example,  AMO  corresponds  to  the  spectral 
distribution  measured  outside  the  atmosphere  perpendicular  to  the  direction  of  the  sun, 
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and  AMI  corresponds  to  the  one  measured  on  the  earth's  surface.  When  the  sun  is  about 
42  °  above  the  horizon,  the  path  length  is  1 .5  atmospheres.  The  corresponding  spectral 
distribution  is  referred  to  as  AMI. 5.  In  the  U.S.  photovoltaic  program,  the  spectral 
distribution  for  an  AM  1.5  radiation  source  with  a  total  power  density  of  0.855  kW/m  has 
been  adopted  as  a  standard  spectral  distribution  (Bube  1998).  Those  spectral 
distributions  of  the  radiation  are  displayed  in  Figure  2.1. 
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Figure  2.1    Spectral  distribution  of  sunlight.  (Figure  taken  from  Moller  1993) 

In  photovoltaic  materials,  illumination  (photon  energy)  generates  electron-hole  pairs, 
and  recombination  of  the  pairs  can  occur  at  the  same  time.  Both  are  non-equilibrium 
processes  and  controlled  by  the  device  parameters.  The  photovoltaic  device  has  a  built-in 
electrical  field  that  separates  the  photo-generated  electrons  and  holes.  The  internal 
electric  field  is  built  by  formation  of  p-n  junction,  Schottky  barrier,  or  a  MIS  (metal- 
insulator-semiconductor)  structure  in  the  device.  For  most  solar  cells,  the  p-n  junction 
formation  is  used  to  build  the  internal  electric  field.  In  thermodynamic  equilibrium, 
when  no  electrical  current  flows,  the  separated  minority  carriers  are  accelerated  by  the 
electric  field  to  the  p-type  side  of  the  junction  (Li  1993).  Electrical  current  should  flow 
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under  illumination  by  this  mechanism  when  those  two  sides  of  the  p-n  junction  are 
connected  externally.  A  band  diagram  and  schematic  view  of  a  p-n  junction  solar  cell  are 
depicted  in  Figures  2.2  and  2.3. 

Important  solar  cell  parameters  can  be  determined  from  the  current-voltage  curve 
(Figure  2.4).  The  short-circuit  current,  Isc,  is  the  current  flow  when  the  voltage  drop 
across  the  junction  is  zero.  From  the  equivalent  electrical  circuit  of  a  p-n  junction  (Figure 
2.5),  it  is  found  that  Isc  is  equal  to  the  photo-generated  current,  II,  when  the  series 
resistance  (Rs)  is  zero,  and  Rs  reduces  Isc- 
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Figure  2.2    Band  diagrams  of  an  unbiased  p-n  junction  solar  cell:  (a)  in  the  dark  and  (b) 
under  illumination. 
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Figure  2.3    Schematic  diagram  of  a  p-n  junction  solar  cell. 
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The  open-circuit  voltage,  Voc,  corresponds  to  the  voltage  drop  when  the  current  flow 
is  zero.  The  electrical  power  output  is  P  =  IV,  which  is  equal  to  the  area  of  the  rectangle 
in  Figure  2.4.  The  maximum  area  of  the  rectangle  will  be  Pmax  =  VpIP  for  a  given  current- 
voltage  curve.  The  shape  of  the  curve  depends  on  the  load  resistances,  Rs  and  R&.  The 
fill  factor,  FF,  is  the  parameter  that  determines  the  shape  of  the  curve.  It  is  defined  by 

V  I 

FF  =  jv^_ 

VI 

rocIsc: 

A  more  square-like  curve  leads  to  a  larger  fill  factor,  FF.  The  value  of  FF  varies 

between  0.7  and  0.9  for  the  cells  with  acceptable  efficiencies. 

The  energy  conversion  efficiency,  r\,  is  determined  by 

VI  FF  V    I 

PR 

m  in 

where  Pin  is  the  total  power  generated  by  illumination  (photon  energy).  Therefore,  the 
value  of  each  parameter  in  equation  (2.2)  significantly  affects  the  performance  of  the 
solar  cell.  These  parameters  are  not  independent,  and  are  controlled  by  the  structural  and 
electrical  properties  of  the  solar  cell  device. 

To  make  solar  celsl  a  competitive  energy  source,  several  challenges  need  to  be 
overcome.  The  challenges  include  achieving  high  performance  (energy  conversion 
efficiency),  low  production  cost,  and  high  durability  to  the  environment,  and  long  term 
reliability.  Development  action  should  consider  these  factors. 
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Figure  2.4   Current- voltage  characteristics  of  a  p-n  junction  diode  in  the  dark  and  when 
illuminated,  defining  the  basic  parameters. 
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Figure  2.5    Equivalent  electrical  circuit  of  a  p-n  junction  for  the  two-diode  model  with 
diffusion  Is  and  recombination  current  ISR,  series  Rs  and  shunt  RSh  resistance,  and  light- 
generated  current  IL. 

2.2    Cu(In,Ga)Se2-based  Thin  Film  Solar  Cells 

A  wide  range  of  semiconductors,  including  GaAs,  CdTe,  InP,  CdS,  and  CIGS-based 
materials,  is  being  explored  for  their  potential  use  in  photovoltaic  applications.  Among 
those  candidates,  copper  indium  diselenide,  the  CIGS-based  thin  film  solar  cell,  is 
considered  the  most  promising  technology  due  to  its  structural  and  electrical  properties, 
including  an  extremely  high  absorption  coefficient  and  stable  electro-optical  properties 
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(Moller  1993,  Bube  1998,  Li  1993).  The  absorption  coefficient  is  one  of  the  most 
important  parameters  that  determine  the  performance  of  the  solar  cell  device  and 
production  cost.  With  higher  absorption  coefficient,  absorber  films  can  be  thinner,  which 
is  directed  related  to  the  material  cost.  The  values  for  CuInSe2,  silicon  and  other 
important  semiconductors  are  shown  in  Figure  2.6. 

Other  advantages  of  CIGS-based  materials  include  a  band  gap  energy  (1.0-1.7  eV) 
that  is  suitable  for  either  homoj  unction  or  heterojuntion  device  types.  A  lattice  structure 
and  an  electron  affinity  that  matches  well  with  common  n-type  window  materials  are  also 
positives  of  this  material  (Moller  1993).  A  schematic  structure  of  a  traditional  CuInSe2- 
based  solar  cell  is  depicted  in  Figure  2.7. 
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Figure  2.6    Absorption  coefficient  as  a  function  of  the  photon  energy  for  selected 
semiconductor  materials  (Figure  taken  from  Moller  1993). 
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Figure  2.7    Schematic  structure  for  a  CuInSe2  thin  film  solar  cell. 

Wagner  et  al.  produced  an  early  high-efficiency  CuInSe2/CdS  solar  cell  (12.5%)  for 
the  first  time  by  evaporating  CdS  onto  a  single  crystal  of  CuInSe2  in  1 974  (Birkmire 
2001).  Numerous  efforts  have  been  made  to  develop  processes  that  improve  the  device 
performance,  e.g.,  using  the  alloys  of  Cu(In,Ga)Se2  and  CuIn(S,Se)2,  which  are  wider 
energy  band  gap  materials.  A  graded  energy  band  gap  structure  was  developed  to 
increase  the  open-circuit  voltage  while  maintaining  the  short-circuit  current. 

Recent  results  show  that  the  cells  can  be  prepared  by  a  variety  of  methods,  while 
obtaining  efficiencies  approximately  13%  for  CuInS2  and  approaching  or  exceeding  the 
16%  level  for  Cu(In,Ga)Se2  (Nadenau  1995).  The  most  recent  efficiency  reported  by 
NREL  is  18.8%  (Cu(In,Ga)Se2)  for  an  area  of  0.44  cm2,  which  is  similar  to  that  of  the 
best  multicrystalline  silicon  devices  of  19.8%  (Birkmire  2001,  Zhao  1998).  These  results 
suggest  that  the  CIGS-based  solar  cell  is  a  very  promising  alternative  to  the  crystalline- 
silicon  technologies.  NREL  has  also  reported  a  43.9  cm2  area  device  with  an  efficiency 
of  13.7%.  Furthermore,  the  high  efficiency  devices  have  been  produced  by  several 
groups,  and  have  shown  no  evidence  of  degradation  of  the  CIS  layer  with  time  or  light 
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exposure.  These  results  clearly  show  the  high  potential  of  CIS-based  thin  film  solar  cells 
in  fabricating  high  efficiency  solar  cell  modules  with  low  production  cost  and  high 
stability,  the  most  important  factors  in  commercializing  solar  cell  modules. 

In  the  industrial  sector,  Shell  Solar,  Inc.  is  at  the  most  advanced  stage,  offering 
Cu(In,Ga)Se2-based  12V  modules  to  customers.  Global  Solar  Energy  is  developing 
flexible  module  manufacturing  systems  using  polyimide  or  stainless  steel  as  substrates. 
In  addition  to  the  companies  mentioned  above,  there  are  a  number  of  smaller  companies 
that  are  at  early  stages  of  commercialization  of  CIS-based  modules.  Unisun  and 
International  Solar  Electric  Technology,  Inc.  are  developing  CIS-based  photovoltaic 
technology  using  non-vacuum  deposition  processes  for  the  absorber  formation.  Their 
technologies  involve  spraying/printing  of  precursor  powders  onto  a  Mo-coated  glass 
substrate,  followed  by  reactive  sintering  (Birkmire  2001,  Roedern  1999,  Norsworthy 
2000). 

It  is  still  a  challenge  to  produce  large-area  modules  reproducibly  at  low  cost  for 
electric  power  generation.  The  lack  of  understanding  of  the  quantitative  correlation 
between  the  device  performance  and  the  material  properties  has  limited  progress  towards 
manufacturing  the  high  efficiency  photovoltaic  modules  at  large  scale  (Rockett  1994). 

2.3    Fundamentals  of  CuInSei-based  Materials 
2.3.1    Crystalline  Structure  and  Solid  State  Electronics  of  CIS-based  Materials 

CuInSe2  crystallizes  in  a  diamond-like  lattice  structure  with  a  face-centered  tetragonal 
unit  cell  that  is  termed  the  chalcopyrite  structure.  The  crystal  structure  is  considered  as 
isoelectronic  analogs  to  binary  II-VI  or  III-V  semiconductors  with  the  zinc-blende 
(sphalerite)  structure  (Fig.  2.8)  (Givargizov  1991).  Each  selenium  atom  serves  as  the 
center  of  a  tetrahedron  of  two  Cu  and  two  In  atoms,  and  each  metallic  atom  is  surrounded 
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by  a  tetrahedron  of  selenium  atoms.  Each  anion  (selenium)  has  two  A  (copper)  and  two 
B  (indium)  cations  as  nearest  neighbors,  whereas  in  the  zinc-blende  structure,  each  anion 
has  four  cations  of  the  same  kind  as  nearest  neighbors  (Moller  1993).  The  lattice 
parameters  of  CuInSe2  crystal  structure  are  a  =  0.5784  nm  and  c  =  1.1614  ran. 


Figure  2.8    Tetragonal  unit  cell  of  an  ABX2  chacopyrite  lattice:  A  =  Cu,  B  =  In,  and  X  = 
Se  for  CuInSe2  (Figure  taken  from  Bube  1998) 

There  are  twelve  intrinsic  point  defects  that  can  form  in  the  ABX2  chacopyrite  lattice. 
They  are  three  interstitials  (Aj,  Bj,  Xj),  three  vacancies  (Va,  Vb,  Vx),  and  six  anti-site 
defects.  Some  of  these  intrinsic  defects  are  shallow-level  defects  that  can  be  used  to  dope 
the  crystal.  In  the  CIS-based  materials,  the  electrical  properties  (carrier  type,  carrier 
concentration,  and  mobility)  are  determined  by  the  intrinsic  defects  depending  on  the 
crystal  composition  instead  of  a  doping  by  shallow  level  impurities  (extrinsic  doping). 
An  essential  feature  of  chalcopyrite  semiconductors  is  the  high  density  of  point  defects 
that  influence  not  only  the  optical  properties,  but  also  the  conductivity  and  other  electrical 
properties.  Numerous  efforts  have  been  made  to  reveal  the  physics  and  roles  of  the 
intrinsic  defects  (Chang  1999,  Burgelman  1997,  Schon  2000,  Klais  2000).  It  is  believed 
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that  VSe,  VCu,  Cuin,  and  the  defect  pair  (2VCu-Incu)  play  a  dominant  role  in  determining 
the  electrical  properties  in  CuInSe2  (Moller  1993,  Givargizov  1991).  No  conclusive 
experimental  or  theoretical  results  exist,  however,  that  allow  the  determination  of  the 
structural  and  electronic  properties  of  these  defects  in  CuInSe2  or  any  other  copper 
ternaries  and  quaternaries.  This  issue  remains  ambiguous. 

Both  CuInSe2  and  CuInS2  can  be  made  n-  or  p-type  by  changing  the  stoichiometry  of 
the  crystals,  whereas  CuInTe2  and  CuGaSe2  can  so  far  only  be  prepared  as  a  p-type 
material.  It  makes  it  difficult  to  fabricate  a  solar  cell  device  with  these  materials.  As  an 
effort  to  improve  the  controllability  on  the  electrical  properties  of  the  chalcopyrite  thin 
films,  extrinsic  doping  technology  has  been  studied.  It  was  aimed  at  improving  the 
performance  of  CuInS2-based  solar  cells;  however,  it  has  not  been  successfully  employed 
for  device  fabrication  to  date. 

Typical  values  for  the  net  hole  carrier  concentration  in  the  CuInSe2  absorber  layer 
(single-  and  polycrystalline)  are  in  the  range  10    to  1 0   cm" .  The  carrier  concentration 
sensitively  changes  depending  on  the  stoichiometry  of  the  materials.  Variation  of  carrier 
concentration  as  a  function  of  the  composition  of  the  films  is  depicted  in  Figure  2.9 
(Moller  1993).  The  graph  shows  that  the  carrier  concentration  drops  by  several  orders  of 
magnitude  in  a  narrow  range  of  composition,  and  the  conductivity  changes  from  p-  to  n- 
type  behavior.  For  this  reason,  controllability  and  reproducibility  on  the  composition  are 
very  important  issues. 
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Figure  2.9  Carrier  concentration  of  p-  and  n-type  CuInSe2  single  crystals  as  a  function 
of  the  composition  ratio,  [Cu]/[In].  Black  symbols  are  n-type  and  white  symbols  are  p- 
type.  (Figure  taken  from  Moller  1993) 

2.3.2    Structure,  Chemistry,  and  Processing  of  CIS-based  Thin  Films 

2.3.2.1    Structure  and  chemistry  of  CIS-based  thin  films 

CIS-based  materials  exhibit  a  distinct  transition  in  morphology  and  phase  segregation 

behavior  passing  through  the  stoichiometry  ([Cu]/[In]  s  1).  The  distinction  between  the 
Cu-rich  and  the  indium-rich  films  includes  the  growth  mechanism  as  well  as  morphology 
and  micro-structure  of  the  films.  In  accordance  with  the  pseudobinary  (Cu2Se-In2Se3) 
phase  diagrams  (Nadenau  1995),  phase  segregation  in  Cu-rich  CIS  thin  film  is  attributed 
to  the  formation  of  copper-chalcogenide  secondary  phases.  The  secondary  phases  are 
degenerate  p-type  semiconductors,  and  dominate  the  optoelectronic  and  the  surface 
properties  of  Cu-rich  films.  Most  growth  techniques  used  in  depositing  thin  films, 
especially  physical  vapor  deposition  processes,  are  generally  far  from  equilibrium,  thus, 
to  know  when  and  where  the  second  phases  form  is  critical  to  fabrication  of  CIS-based 
solar  cells  and  development  of  CIS  growth  process.  In  Cu-rich  CIS  films,  the  individual 
grains  are  significantly  larger  than  those  in  indium-rich  films.  These  grains  prefer  to  be 
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(112)  oriented  in  Cu-rich  films  whereas  indium-rich  films  additionally  exhibit  strong 
(220)/(204)  orientation. 

For  Cu-rich  CIS  system,  the  secondary  phase  observed  is  copper  chalcogenide  or 
copper  selenide,  mostly  Cu2-xSe,  and  CuSe  (Rockett  1994,  Ramanathan  1998,  Niemi 
1990).  Surface  composition  analysis  revealed  that  even  a  minor  excess  of  copper  in  the 
bulk  leads  to  very  Cu-rich  surfaces  (Nadenau  1995,  Rockett  1994,  Ramanathan  1998, 
Turtle  1995).  It  seems  to  be  caused  by  secondary  phase  segregation  at  the  film  surface. 
X-ray  Diffraction  (XRD)  also  indicated  segregation  of  these  phases  on  the  surface.  The 
Cu-rich  secondary  phases  can  be  selectively  removed  by  etching  with  KCN  solution.  The 
compositional  variation  of  Cu-rich  films  due  to  the  KCN  treatment  has  been  shown  to  be 
consistent  with  removal  of  the  copper  selenide  and  to  be  extremely  rapid,  as  expected  for 
removal  of  a  near-surface  layer  (Rockett  1994).  CIS-based  thin  film  is  often  grown 
through  deposition  of  Cu-rich  films  and  etching  the  secondary  phases.  Several  models 
for  the  growth  mechanism  of  CIS  thin  films  under  a  Cu-rich  composition  have  been 
proposed.  Klenk  et  al.  (Klenk  1993)  reported  a  significant  difference  in  surface  and  bulk 
compositions  in  co-evaporated  Cu(In,Ga)Se2  (CIGS)  polycrystalline  films  grown  under 
Cu-rich  conditions,  and  proposed  a  growth  model  that  the  grain  growth  is  controlled  by 
the  interaction  of  vapor-liquid-solid  phase  (VLS  model).  Wada  et  al.  (Wada  1997) 
suggested  that  growth  of  the  CIS  thin  film  takes  place  through  the  segregated  Cu2Se  solid 
phase  by  a  "topotactic  reaction",  after  they  observed  a  Cu2Se  phase  on  the  CIS  grain 
surfaces  by  transmission  electron  microscopy  (TEM).  Drastic  changes  of  average 
molecularities  from  m>l  to  m=0.92~0.93  (m  =  [Cu]/[In]  atomic  ratio)  and  hole 
concentrations  from  p>1019cm"3  to  as  low  as  p=7.5xlOl6cm"3,  have  been  observed  from  a 
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epitaxially  grown  CuInSe2  by  MBE  before  and  after  the  KCN  treatment.  High  hole 
concentration  and  Cu-rich  compositions  of  the  as-grown  films  were  attributed  to  the 
copper  selenide  phase.  Their  result  strongly  suggests  that  the  stoichiometry  of  CIS  films 
(the  ratio  [Cu]/[In])  is  slightly  below  unity  and  independent  of  the  supplied  Cu-  and  In- 
flux; the  stoichiometry  of  the  CIS  films  are  self-limiting  so  as  not  to  exceed  unity  under 
Cu-rich  growth  conditions  by  operating  in  the  2-phase  region  of  the  phase  diagram. 

For  indium-rich  thin  films,  the  phase  segregation  behavior  and  the  growth  mechanism 
are  evidently  different  from  those  of  Cu-rich  thin  films.  Indium-rich  crystallites  are 
tetrahedrally  shaped,  which  indicates  an  anisotropy  in  the  growth  velocity  of  the  {112} 
planes  (Nadenau  1995).  This  anisotropy,  ascribed  to  limitations  in  chalcogen  supply,  is 
not  observed  in  Cu-rich  films.  For  a  wide  range  of  indium-rich  compositions,  the  indium 
chalcogen  secondary  phase  is  not  observed  in  the  films.  The  whole  region  consists  of 
single  phase  chacopyrite.  At  the  surface,  however,  a  secondary  phase  has  been  observed 
in  the  near  surface  region  of  indium-rich  films.  It  was  originally  termed  an  ordered 
defect  crystal  (ODC)  phase.  The  phase  (CuI^Ses)  is  a  defect  chalcopyrite  structure  and 
n-type  due  to  strong  compensation  of  the  defects.  The  lattice  constant  of  this  phase 
nearly  matches  that  of  the  CuInSe2  lattice.  The  ODC  was  found  in  most  high  efficiency 
CuInSe2  solar  cells  and  believed  to  do  an  important  role  in  determining  the  electrical 
properties  of  the  device.  Further  study  is  needed  to  better  understand  the  fundamentals  of 
CuInSe2-based  thin  film. 
2.3.2.2    Processing  of  CIS-based  solar  cells 

Co-evaporation  is  one  of  the  most  widely  used  processes  for  growth  of  CIS-based  thin 
films.  The  technique  delivers  a  flux  of  each  source  to  the  substrate  simultaneously.  This 
is  often  considered  as  an  appropriate  way  to  grow  high  quality  films;  however,  it  also  has 
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limitations  for  achieving  uniform  film  deposition  on  a  large  area  substrate.  A  typical 
substrate  temperature  during  deposition  is  in  the  range  450  to  550°C,  which  is  needed  to 
form  the  absorber  from  the  elements  and  to  form  large  grain  size.  The  simplest  co- 
evaporation  process  design  is  the  'single-layer  process'.  In  this  process,  the  flux  rate  of 
each  source  is  maintained  constant.  It  delivers  a  film  that  is  homogeneous  across  the 
thickness  since  the  elemental  evaporation  ratios  directly  determine  the  final  film 
composition.  Better  controllability  and  reproducibility  are  expected  due  to  its  simplicity 
and  directness.  It  was  recognized  early,  however,  that  a  single-layer  does  not  result  in 
optimum  cell  performance. 

The  empirical  approach  of  depositing  a  bilayer,  i.e.  indium-rich  layer  onto  a  Cu-rich 
layer,  was  introduced  to  improve  the  film  quality  (Nadenau  1995).  The  co-evaporation 
process  allows  changing  the  film  composition  across  the  film  thickness  by  changing  the 
elemental  flux  rates  with  time.  As  pointed  out  above,  the  Cu-rich  thin  film  is  known  for 
its  large  grain  size  and  higher  crystallinity.  The  CIS  films  is  grown  under  Cu-rich 
conditions  during  most  of  the  growth  process  to  achieve  the  benefits  of  large  grain  size 
and  high  crystallinity.  The  desired  composition,  slightly  indium-rich,  can  be  attained 
through  the  second  layer  deposition.  By  this  way,  the  bilayer  process  can  grow  a  large 
grain  CIS  thin  film  that  has  slightly  indium-rich  composition. 

Turtle  et  al.  (Tuttle  1995)  proposed  a  more  detailed  growth  mechanism  in  their  growth 
model  that  is  based  on  the  VLS  model.  It  consists  of  (a)  initial  atomistic  accommodation, 
reaction,  and  nucleation,  (b)  CuInSe2  and  CuxSe  island  formation,  (c)  CuInSe2 
coalescence  with  vertical  phase  separation,  and  (d)  CuxSe  conversion  and  local  epitaxial 
growth.  The  phase  segregation  in  (b)  is  lateral,  that  is,  CuInSe2  and  CuxSe  co-exist  side 
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by  side.  According  to  their  model,  the  lateral  phase  segregation  is  transformed  to  a 
vertical  one  where  two  phases  exist  as  separate  layers,  layer  by  layer.  Many  variants  of 
the  bilayer  process  have  been  used  to  grow  high  quality  CIS  thin  films. 

The  sequential  deposition  process  has  been  also  widely  used  and  studied.  Its 
advantages  are  its  potential  for  uniform  deposition  on  a  large  area  substrate  and  the 
simplicity  of  the  process.  The  precursors,  elemental  layers  or  binary  phase  layers  (In-Se 
and  Cu-Se)  are  usually  deposited  at  low  temperature.  It  is  followed  by  selenization  and 
annealing  at  high  temperature.  Several  research  groups  have  fabricated  the  CIS-based 
photovoltaic  devices  with  efficiency  over  12%  using  the  sequential  process.  The 
precursor  layers  can  be  grown  by  various  techniques,  such  as  sputtering,  evaporation, 
electro-deposition,  and  e-beam  evaporation. 

Another  critical  process  that  significantly  affects  the  device  performance  is  the 
deposition  of  the  buffer  layer.  To  date,  the  highest  conversion  efficiencies  of  CIS-based 
solar  cells  have  been  achieved  using  a  CdS  buffer  layer  deposited  by  chemical  bath 
deposition  (CBD),  followed  by  deposition  of  a  ZnO  window  layer.  There  have  been 
many  studies  to  better  understand  the  roles  of  the  CdS  buffer  layer  in  the  solar  cell 
operation.  The  Cd  atoms  are  believed  to  form  Cdcu  interstitial  donor  defect,  providing 
the  required  near-interface  charge  and  restoring  the  positive  surface  charge.  Kronik  et  al. 
postulates  that  the  donor  defect  creates  significant  band-bending  at  the  interface  (Kronik, 
2000).  Several  research  groups  identified  the  diffusion  of  Cd  into  the  absorber  layer. 
Nakada  et  al.  (Nakada  1 999)  provided  direct  evidence  of  Cd  diffusion  using  high 
resolution  transmission  electron  microscope  (TEM)  equipped  with  energy  dispersive  x- 
ray  spectroscopy  (EDS).  CBD  grown  CdS  buffer  layer  has  its  own  advantages,  the 
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simplicity  of  the  process,  good  reproducibility,  and  potential  for  large  area  processing. 
However,  there  is  a  great  interest  in  replacing  CdS  by  a  cadmium-free  buffer  layer  for 
environmental  reasons  and  possible  gains  in  efficiency  associated  with  wider  band  gap 
energy.    For  same  processes,  a  vacuum  deposition  technique  would  be  competitive  with 
other  processes.  CBD  grown  In(OH)xSy  shows  similar  result  to  the  standard  CBD  grown 
CdS  (Birkmire  2001,  Braunger  1996,  Hariskos  1996).  NREL  recently  reported  13.5% 
efficiency  Cu(In,Ga)Se2  solar  cell  without  any  buffer  layer  (Ramanathan  1998). 
Deposited  films  of  InSe  and  InS  are  also  potential  candidates  since  it  can  eliminate  the 
step  of  breaking  vacuum  after  the  absorber  layer  growth.  It  will  significantly  reduce 
processing  time  and  contamination  problem. 

2.4    Characterization  Techniques  for  CIS-based  Films 

The  surface  morphology  and  the  cross  sectional  structure  of  CIS  thin  films  can  be 
studied  using  scanning  electron  microscopy  (SEM)  (Turtle  1991,  Walter  1996,  Rastogi 
1 999).  The  instrument  uses  electrons  accelerated  by  tens  to  hundreds  kilovolts  to 
produce  the  image,  and  it  can  resolve  micro-scale  objects.  It  is  a  versatile  instrument  for 
examining  the  microstructure  of  solid  surfaces,  because  it  combines  high  spatial 
resolution  with  depth  of  field  in  the  same  image,  and  requires  minimal  sample 
preparation  (Runyan  1998).  Atomic  force  microscope  (AFM)  can  provide  more  detailed 
information  on  the  surface  morphology,  e.g.,  microstructures  and  roughness  of  the 
surface. 

SEM  can  be  equipped  with  energy  dispersive  spectroscopy  (EDS)  or  wavelength 
dispersive  X-ray  spectroscopy  (WDS)  that  are  compositional  analysis  instruments.  Both 
techniques  have  been  widely  used  for  measuring  the  bulk  composition  of  CIS  thin  films. 
Reliability  of  the  results  significantly  depends  on  the  film  structure  since  those 
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instruments  collect  the  information  of  local  region  of  the  objects.  Both  techniques, 
hence,  are  convenient  and  reliable  for  compositional  analysis  of  homogeneous  films. 
Those  techniques,  however,  may  not  be  very  reliable  for  multi-layer  structures  or 
sequential  precursor  layers  that  have  compositional  variation  with  film  depth. 

Auger  electron  spectroscopy  (AES)  has  been  used  for  obtaining  depth  profiles  of 
elemental  composition  in  CIS  thin  films.  Auger  electron  spectroscopy  is  a  surface 
sensitive  probe  and  uses  an  incident  electron  beam  of  3  to  5keV  that  is  somewhat  lower 
than  that  used  for  the  electron  microscope,  but  like  a  microprobe,  the  beam  scatters 
within  a  small  sample  volume.  To  depth  profile,  sputter  etching  is  used  while  an  Auger 
spectrum  is  being  collected.  As  the  etch  proceeds,  Auger  electrons  from  specimen 
provide  a  measure  of  the  elemental  concentration  of  a  freshly  exposed  layer.  To  achieve 
the  best  result,  the  etch  rate  should  be  carefully  calibrated  considering  composition, 
structure,  and  chemistry  of  the  sample.  Different  phases  along  the  film  depth  can  be 
detected  by  analyzing  the  compositional  variation.  Phase  segregation  on  the  surface  or  at 
the  back  contact  has  been  observed  and  analyzed  using  AES  (Rockett  1994,  Nakada 
1999,  Scheer  1994). 

X-ray  diffraction  (XRD)  is  one  of  the  most  commonly  used  techniques  for 
characterization  of  crystalline  phases,  e.g.,  thin  films,  single  crystals,  and  powders.  It  can 
provide  information  about  crystalline  structure,  stress,  and  existence  of  specific  phases  in 
the  samples.  One  of  its  advantages  is  that  there  exists  an  enormous  amount  of  reference 
for  XRD  spectrum  on  many  crystalline  phases. 

Recently,  Raman  spectroscopy  has  been  used  as  another  tool  to  detect  various  phases 
in  CIS  films.  Some  of  the  secondary  phases  in  CIS  thin  films  have  overlapping  XRD 
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peaks;  hence,  it  is  not  easy  to  resolve  the  phase.  Raman  spectroscopy  can  provide 
additional  information  to  assist  in  detection  of  these  phases.  Micro-Raman  technique  has 
been  employed  to  detect  secondary  phases  in  a  micro-structure  on  the  surface  of  CIS  thin 
film  (Stanbery  1999). 

Inductively  coupled  plasma  (ICP)  is  known  as  one  of  the  most  reliable  quantitative 
analytical  techniques  for  measuring  the  overall  composition  of  various  samples.  Sample 
preparation  step  is  critical  to  achieving  a  reliable  result.  The  samples,  e.g.,  thin  film, 
single  crystalline,  or  powder,  need  to  be  completely  dissolved  in  an  appropriate  solvent. 
The  dissolved  sample  is  fed  into  the  instrument  and  fragmented  to  the  elemental  level  by 
ICP.  Photons  are  released  from  the  reaction  in  the  plasma.  With  a  unique  wavelengths 
for  each  element,  the  intensity  of  the  peaks  is  proportional  to  the  absolute  amount  of  the 
corresponding  element  in  the  sample.  It  is  noted  that  only  the  overall  composition  of  the 
samples  can  be  obtained  by  measuring  the  peak  intensity.  Our  research  group  used 
combination  of  EDS  (or  WDS)  and  ICP  to  achieve  compositional  analysis. 
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CHAPTER  3 

REACTION  KINETICS  AND  PATHWAYS  OF  CUINSE2  GROWTH  FROM 

BILAYER  PRECURSOR  FILMS:  TIME-RESOLVED  HIGH  TEMPERATURE  X-RAY 

DIFFRACTION  STUDY 

3.1    Introduction 

Compound  semiconductors  based  on  CuInSe2  are  increasingly  gaining  acceptance  as 
absorber-layer  materials  for  thin  film  solar  cells.  The  energy  conversion  efficiency  of 
CuInSe2-based  solar  cells  has  already  reached  that  of  the  best  solar  cells  made  of 
crystalline  silicon  and  of  gallium  arsenide.  While  there  have  been  many  studies  of  the 
growth  mechanism  for  CuInSe2  films,  (Turtle  1995,  Rockett  1994,  Klenk  1993,  Nadenau 
1995)  to  date  key  details  remains  not  fully  understood  partly  due  to  the  complex  phase 
evolution  and  defect  chemistry  present  in  the  material  system.  Various  binary  and 
ternary  phases  can  be  simultaneously  present  in  a  Cu-In-Se  ternary  system,  (Klenk  1993, 
Nadenau  1995,  Change  1999)  and  furthermore,  phase  transformations  may  occur  during 
the  growth  processes.  Given  that  important  transformations  occur  during  the  growth 
process,  ex-situ  studies  may  fail  to  reveal  key  aspects  of  the  reaction  kinetics  of  CuInSe2 
formation.  A  more  promising  approach  is  to  conduct  an  in-situ  study  of  the  phenomena 
using  time-resolved  high  temperature  X-ray  diffraction  analysis.  This  technique  infers 
kinetic  information  from  changes  observed  in  the  XRD  data  as  a  function  of  time  as  the 
film  is  heated.  Careful  analysis  of  in-situ  XRD  data  with  an  advanced  software  JADE  6 
(JADE)  permits  the  quantitative  investigation  on  the  reaction  kinetics. 

The  process  followed  to  generate  a  CuInSe2  film  consists  of  starting  with  a  stack  of 
two  binary  films  serving  as  a  precursor.  Examples  of  stacked  binary  films  are  InSe/CuSe 
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(i.e.,  CuSe  film  grown  over  an  InSe  film),  InSe/Cu:Se  (i.e.,  an  elemental  mixture  of 
copper  and  selenium  deposited  over  an  InSe  film),  and  CuSe/In:Se.  In  all  cases,  the 
bottom  binary  films  were  grown  over  a  thin  (0.4  mm)  sodium  free  glass  substrate.  The 
films  were  deposited  in  a  modified  molecular  beam  epitaxy  reactor,  and  the  total 
thickness  of  the  stack  was  approximately  800  nm.  The  precursor  stack  is  then  heated  to 
initiate  a  reaction  leading  to  the  formation  of  CuInSe2  film,  and  the  evolution  of  the 
reacting  system  is  observed  via  in-situ  high  temperature  XRD. 

This  article  presents  the  results  of  an  in-situ  isothermal  time-resolved  X-ray  diffraction 
study  of  CuInSe2  film  growth  from  the  binary  precursor  stack  CuSe/InSe.  Quantitative 
analyses  were  performed  to  estimate  the  reaction  order  and  the  apparent  activation 
energy,  as  well  as  to  elucidate  mechanistic  details  of  the  film  growth  pattern. 

3.2    Experiments 
3.2.1    Preparation  of  Precursor  Films 

The  deposition  method  used  to  grow  the  precursor  films  is  called  migration  enhanced 
epitaxy  (MEE),  a  variant  of  the  classical  molecular  beam  epitaxy  (MBE)  approach.  As  in 
MBE,  an  ultra  high  vacuum  environment  and  effusion  cells  are  employed  to  generate 
molecular  beam  fluxes  of  all  the  elemental  sources.  In  contrast  with  a  typical  MBE 
system,  the  MEE  reactor  used  is  capable  of  accommodating  multiple  substrates  (up  to 
nine)  positioned  on  a  large  rotating  platen.  Another  unique  feature  of  the  MEE  system  is 
the  sequential  deposition  of  each  source  material  through  a  revolution  of  the  platen,  rather 
than  a  simultaneous  co-deposition  from  all  the  sources.    A  most  relevant  difference, 
however,  lies  on  the  fact  that  the  rotating  platen  of  the  MEE  system  passes  each  substrate 
through  a  flux-free  zone,  namely  a  relaxation  zone  that  enhances  the  potential  for 
adsorbed  atoms  to  migrate  seeking  the  most  thermodynamically  favored  configurations. 
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The  direction  of  rotation  can  be  either  clockwise  or  counter-clockwise,  so  that  the 
sequence  of  deposition  may  be  reversed.  The  base  pressure  of  the  system  can  be 
maintained  as  low  as  8x1  (T9  Torr,  and  the  pressure  during  deposition  is  in  the  range  of 
10   -10    Torr  depending  on  the  operation  conditions.  Further  details  of  the  deposition 
technique  and  experimental  apparatus  are  given  elsewhere  (Stanbery  2002). 

For  the  InSe/CuSe  structure,  first  an  indium  selenide  layer  was  grown  on  top  of  a  thin 
(-0.4  mm)  sodium-free  thin  glass  substrate  in  the  MEE  system  with  a  substrate 
temperature  of  approximately  250  °C.  The  films  were  made  to  have  a  slightly  selenium- 
rich  composition  ([In]/[Se]  ~  0.95).  Second,  a  copper  selenide  layer  was  deposited  on  the 
as-grown  InSe  layer  at  a  lower  temperature  condition  (-150  °C)  to  minimize  any 
potential  reactions  between  the  InSe  and  CuSe  layers.  The  final  stacked  binary  structure 
is  depicted  in  Figure  3.1.  Room  temperature  XRD  data  shows  that  the  InSe  phase  is 
amorphous,  and  that  the  CuSe  phase  is  polycrystalline.  The  cross-sectional  SEM  image 
in  Figure  3.1  (b)  also  shows  that  no  grain  structure  is  observed  in  the  bottom  InSe  layer, 
while  the  top  CuSe  layer  has  a  large-grain  structure.  The  composition  of  the  films  was 
measured  using  the  inductively  coupled  plasma  technique. 
3.2.2    Time-resolved  High  Temperature  X-ray  Diffraction 

Time-resolved  high-temperature  X-ray  diffraction  data  were  collected  while  the 
precursor  InSe/CuSe  bilayers  were  isothermally  heated  in  stagnant  air.  The  experimental 
temperatures  used  ranged  from  220  to  270  °C.  Initially,  the  samples  were  mounted  on  a 
platinum  strip  heater,  and  XRD  data  was  collected  at  room  temperature.  Then  the 
samples  were  heated  at  rate  of  120  °C  /min  until  the  temperature  reached  a  point  20  or  30 
°C  below  the  desired  target  temperature.  At  this  point  the  temperature  was  allowed  to 
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stabilize,  and  then  the  system  was  again  heated  again  at  120  °C  /min  until  the  target 
temperature  was  reached.  XRD  data  was  collected  for  a  period  of  time,  typically  an  hour, 
at  the  target  temperature.  Then  all  substrates  were  subjected  to  a  final  isothermal 
temperature  treatment  at  340  °C  for  30  minutes  in  order  to  ensure  the  completion  of  all 
reactions  (i.e.,  accomplish  a  total  conversion  of  the  reactants  into  the  final  product  phase). 
XRD  data  was  also  collected  during  this  last  isothermal  treatment. 

The  high-temperature  X-ray  diffractometer  used  consisted  of  a  Scintag  PAD  X  vertical 
0/0  goniometer,  a  Buehler  HDK  2.3  furnace,  and  an  mBraun  linear  position  sensitive 
detector  (LPSD).    The  LPSD  was  centered  at  28°  20  and  covered  a  10°  range,  i.e.,  from 
23°  to  33°.  In  contrast  to  conventional  X-ray  point  scanning  detectors  that  perform  the 
scanning  step-by-step  from  lower  to  higher  angles,  the  LPSD  collects  the  XRD  data 
simultaneously  over  the  10°  window,  dramatically  shortening  the  data  collection  time. 
This  permits  in-situ  time-resolved  studies  of  phase  transformations,  crystallization,  and 
grain  growth.  The  collection  time  for  the  10°  20  window  was  set  to  be  either  19.5  or  34.5 
seconds,  depending  on  the  temperature  range.  Figure  3.2  displays  the  time-resolved 
XRD  data  collected  for  a  sample  isothermally  heated  at  218  °C.  To  obtain  the  fractional 
reaction  (a),  the  areas  for  the  CuSe  (006)  peak  and  the  CuInSe2  (112)  peak  were 
estimated  from  the  diffraction  data  using  the  JADE  software.  The  values  were 
normalized  assuming  that  the  reactants  are  completely  transformed  to  crystalline  CuInSe2 
after  each  run,  and  that  the  texture  of  the  CuInSe2  does  not  appreciably  change  through 
the  entire  heating  process.  Figure  3.3  displays  the  fractional  reaction  as  a  function  of 
time  for  all  the  temperatures  considered. 
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Non-isothermal  heating  was  used  to  investigate  the  phase  evolution  of  the  samples,  as 
follows.  The  InSe/CuSe  samples  were  heated  to  several  target  temperatures.  The 
samples  were  held  at  isothermal  conditions  for  1 5  minutes,  and  sequential  longer-range 
(20-55°  20)  high-temperature  X-ray  diffraction  scans  were  collected  every  85  seconds. 
After  1 5  minutes,  the  temperature  was  raised  to  the  next  target  value,  and  the  process  was 
repeated.  The  longer-range  high-temperature  X-ray  diffraction  scans  were  used  to  trace 
all  the  intermediate  phases  and  their  transformations,  and  they  were  realized  by 
combining  high-temperature  X-ray  diffraction  data  from  four  discrete  LPSD  positions. 
3.2.3    Calibration  for  Absolute  Temperature  of  Samples 

Since  the  thermocouple  used  to  measure  the  temperature  was  welded  to  the  bottom  of 
the  strip  heater,  a  temperature  calibration  procedure  was  required  to  estimate  the  actual 
film  temperature.  Accurate  measurements  of  the  thin  film  temperatures  were  achieved  by 
calibrating  to  the  known  thermal  expansion  of  silver,  chosen  due  to  its  high  coefficient  of 
expansion  (19.5xl0~°  /K)  (Brand  1955).    A  fine  silver  powder  was  carefully  dispersed  on 
the  surface  of  a  0.4  mm  glass  substrate,  and  was  then  annealed  at  a  temperature  well 
above  the  range  of  the  experimental  conditions  to  make  a  solid  thermal  contact  and 
minimize  any  undesired  thermal  effects  during  the  calibration  runs.  For  each  run,  a 
control  program  was  set  to  heat  the  samples  at  60  °C/min  to  the  target  temperatures,  and 
followed  by  a  hold  period  until  the  thermocouple  reading  became  constant.  The  position 
of  the  silver  (33 1)  peak  was  measured  from  room  temperature  to  440  °C  (thermocouple 
reading)  and  used  to  calculate  the  lattice  parameter  L(T)  from  the  expression 

L(T)=dhJh2+l2+k2  (31) 
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where  h=3,  k=3,  and  /=1,  and  dhki  is  the  spacing  between  atomic  planes  inferred  from  the 

peak  position. 

The  thermal  expansion  ratio  was  taken  from  the  correlation  reported  by  Touloukian  et 

al  (Touloukian  1977) 

L(T)-L 

-^ — °-  =  -0.515  +  1.647xl(r37/  +  3.739xl(r77/2+6.283xl(r"r3   (3.2) 

where  Lo  is  the  lattice  parameters  of  specimen  at  To  =  293  K,  and  T  is  measured  in 
degrees  Kelvin.  The  correlation  is  valid  in  the  temperature  range  200  K  <  T<  1200  K. 
Substituting  (3.1)  into  (3.2)  yields 


-^ =  -0.515  +  1.647xl0"3r+3.739xl0"77;2+6.283xl0"11r3  (3.3) 

The  left-hand  side  of  (3.3)  contains  known  quantities.  The  resulting  cubic  equation 
(3.3)  can  be  directly  solved  for  the  unknown  value  T,  which  represents  the  surface 
temperature  of  the  film.  Table  3.1  displays  the  deviation  between  the  thermocouple 
reading  and  the  temperature  of  the  specimen  estimated  by  the  thermal  expansion  method. 
The  difference  between  the  thermocouple  reading  and  corrected  temperatures  reported  in 
Table  3.1  ranges  from  52-59  °C,  and  this  difference  can  be  most  likely  attributed  to  the 
low  thermal  conductivity  of  the  glass  substrate.  The  calibration  experiments  were 
replicated,  and  the  results  were  reproducible  within  ±2  °C. 

3.3    Results  and  Discussion 
3.3.1    Reaction  Kinetics  of  (  u  1  nSe2  Growth  from  InSe/CuSe  Bilayer 

According  to  the  room  temperature  XRD  analysis,  the  top  CuSe  layer  is  a 
homogeneous  crystalline  phase  with  an  atomic  ratio  1:1,  and  the  bottom  InSe  layer  is 
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either  an  amorphous  or  a  nanocrystalline  phase  with  an  atomic  ratio  1 : 1 .05.  The  expected 
interfacial  reaction  is 

CuSe  +  InSe    ->    CuInSe2  ^  $\ 

Time-resolved  high-temperature  X-ray  diffraction  scans  showed  that  the 
transformations  produce  a  crystalline  CuInSe2  phase  product,  as  expected  from  reaction 
(3.4),  and  that  there  is  no  evidence  of  other  intermediate  phases. 

It  is  well  known  that  in  multilayer  thin  film  systems,  the  product  layer  grown  at  the 
initial  interface  of  the  reactants  acts  as  a  nucleation  barrier  as  well  as  a  diffusion  barrier. 
The  nucleation  barrier  often  forces  a  meta-stable  amorphous  phase  to  form  prior  to  any 
crystalline  phase  (Ma  1991,  Johnson  1986).  Amorphous  and  crystalline  phases  may  grow 
simultaneously  during  subsequent  reaction  (Clevenger  1990).  Additional  heating  may 
cause  a  further  transformation  of  the  amorphous  phase  to  crystalline  phase  and  may  also 
induce  additional  nucleation  reactions. 

Analysis  on  the  changes  in  time  of  the  XRD  peaks  shows  that  both  the  product  phase 
(CuInSe2)  formation  and  crystalline  reactant-phase  (CuSe)  consumption  follow  the  same 
deceleratory  reaction  trend  (Figure  3.3  and  3.4),  which  can  be  attributed  to  diffusion- 
controlled  reaction  kinetics.  Figure  3.5  demonstrates  that  the  sum  of  the  mole  fractions 
of  the  CuSe  reactant  and  of  the  product  quickly  falls  below  unity  during  the  early  stage  of 
the  isothermal  heating  process,  because  the  rate  of  the  CuSe  consumption  is  faster  than 
that  of  the  CuInSe2  formation.  This  implies  that  there  is  an  intermediate  phase  present 
before  the  final  product  is  fully  formed.  As  the  long-range  high-temperature  X-ray 
diffraction  scans  showed  no  evidence  of  intermediate  crystalline  phases,  the  hidden 
intermediate  phase  is  most  likely  amorphous  CuInSe2.  Under  this  perspective,  during  the 
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initial  stage  of  the  heating  process  the  sum  of  the  mole  fractions  falls  significantly  below 
unity,  an  effect  that  can  be  explained  by  the  formation  of  the  amorphous  CuInSe2  phase, 
which  is  initially  prevented  from  evolving  into  a  crystalline  phase  due  to  the  nucleation- 
barrier  effect.  As  the  heating  energy  progressively  overcomes  the  nucleation  barrier,  the 
CuInSe2  material  also  progressively  crystallizes,  and  the  sum  of  mole  fractions  starts  to 
rise  towards  unity.  The  combined  amorphous  and  crystalline  CuInSe2  interfacial  layer 
also  acts  as  a  diffusion  barrier,  opposing  the  one-dimensional  diffusion  of  the  reactants 
shown  on  the  left-hand  side  of  reaction  (3.4).  In  summary,  the  InSe|CuInSe2|CuSe 
structure  introduces  both  a  nucleation  and  a  diffusion  barrier.  As  the  isothermal  heating 
continues  further,  the  sum  of  the  mole  fractions  now  rapidly  increases  towards  to  unity 
(Figure  3.5).  This  indicates  that  the  amorphous  phase  fully  transforms  into  a  crystalline 
phase.  The  XRD  data  of  Figure  3.5  shows  that  for  all  cases  the  amorphous  phase  is 
completely  consumed  during  the  final  heating  step  at  340°.  Another  plausible 
explanation  for  the  mole  sum  to  be  lower  than  unity  is  that  the  CuSe  phase  becomes  a 
solid-solution  before  the  crystalline  CuInSe2  phase  forms.  Further  study,  perhaps 
including  detailed  microscopic  analysis,  will  be  needed  to  better  understand  the  initial 
stage  of  the  growth  mechanism. 

The  analysis  proposed  above  is  consistent  with  the  prevailing  perspectives  on  the 
growth  mechanism  documented  in  the  literature.  It  has  been  claimed  that  during  the 
initial  steps  of  solid-solid  reaction,  the  formation  of  product  is  rapidly  accomplished  on 
the  attainment  of  reaction  temperature  (Bamford  1980).  The  initial  nucleation  reactions 
at  the  original  interface  of  the  bilayer  structure  may  occur  even  before  the  temperature 
reaches  the  target  values  likely  via  a  fast  two-dimensional  growth  mode,  rapidly  evolving 
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to  impingement.  This  gives  rise  to  a  nucleation  barrier  that  would  dramatically  reduce 
the  nucleation  rate,  so  that  the  nucleation  reaction  is  expected  to  be  rapidly  deceleratory. 

The  growth  of  the  CuInSe2  phase  is  governed  by  the  planar  nature  of  the  precursor 
film  structure.  During  the  early  stage  of  the  reaction,  heterogeneous  nucleation  and  fast 
saturation  is  expected  to  occur  at  the  original  interface.  The  in-plane  material  transport  is 
likely  to  be  sustained  by  rapid  interface  diffusion,  so  that  at  the  initial  instants  the  growth 
at  the  original  interface  plane  may  not  be  limited  by  diffusion.  The  nucleated  CuInSe2 
phase  grows  and  coalesces  into  a  continuous  layer.  After  the  initial  transient  stage,  the 
product  layer  thickens  by  a  diffusion-limited  process  that  is  likely  to  be  one-dimensional 
and  perpendicular  to  the  original  interface  (Ma  1991,  Clevenger  1990).  The  subsequent 
growth  of  the  product  phase,  the  main  reaction  stage,  is  now  controlled  by  the  diffusion 
of  one  or  more  species  through  the  product  layer. 

The  kinetics  of  the  growth  reactions  in  terms  of  activation  energy  and  reaction  order 
have  been  investigated  using  two  solid-state  reaction  models,  namely,  an  Avrami  model 
and  a  parabolic  rate  model.  Avrami  analysis  is  a  widely  used  method  for  the  preliminary 
identification  of  the  growth  rate  law.  It  has  been  shown  that  the  method  yields 
satisfactory  fits  to  relevant  experimental  data  (Bamford  1980).  The  transformation 
kinetics  under  isothermal  heating  is  described  by 

a  =  l-exp(-(to)")  (35) 

or  equivalently,  by 

ln(-ln(l-a))  =  win/  +  n\nk  ,-*  (,\ 

where  the  fractional  reaction  a  represents  the  volume  fraction  transformed,  k  is  kinetic 
rate  constant,  and  n  is  the  Avrami  exponent.  This  analysis  has  been  advocated  by  Hulbert 


36 


37 

(Hulbert  1969),  who  showed  that  the  Avrami  exponent  can  vary  between  0.5  and  1.5  in 
the  case  of  one-dimensional  diffusion-controlled  reactions.  The  value  of  n  is  close  to  0.5 
if  the  nucleation  is  instantaneous,  and  close  to  1.5  if  the  nucleation  rate  is  constant 
throughout  the  reaction.  It  is  well  known  that  thickening  of  thin  planar  structures  after 
complete  edge  impingement  is  realized  through  one-dimensional  growth  mode  (Christian 
1975). 

Figure  3.6  displays  the  Avrami  plots  for  the  isothermal  heating  of  the  precursor  films 
at  different  temperatures.  Data  were  taken  only  for  0. 1  <  a  <  0.95  to  minimize  the 
experimental  error.  Clearly,  the  data  are  fit  well  by  the  Avrami  model  (3.6).  Table  3.2 
shows  the  kinetic  rate  constant  and  Avrami  exponent  estimated  from  the  plot.  The  value 
of  the  Avrami  exponent  is  between  0.5  and  0.8,  and  consistently  increases  with 
temperature.  This  indicates  that  the  growth  mechanism  is  through  one-dimensional 
thickening  of  the  product  layer,  and  that  it  is  also  diffusion-controlled.  The  increase  of 
the  n  value  with  temperature  is  believed  to  be  caused  by  the  enhancement  of  the 
nucleation  processes  with  temperature.  Higher  temperature  conditions  can  overcome  the 
nucleation  barrier,  so  that  the  nucleation  rate  during  the  subsequent  growth  of  the  product 
phase  increases  with  temperature.  The  temperature  effect  on  the  Avrami  exponent  has 
been  previously  reported  via  simulation  studies  (Pascual  1996). 

The  Avrami  parameters  and  the  Arrhenius  equation 


k  =  Aexpi       a/RT\ 


(3.7) 

were  used  to  estimate  the  apparent  activation  energy  Ea  for  the  CuInSe2  formation 
reaction  from  the  bilayer  precursor  films.  Figure  3.7  shows  the  high  linearity  of  the 
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logarithmic  Arrhenius  plot  for  In  k.  The  slope  of  the  line  yields  the  estimate  Ea  =  66.0 
kJ/mol. 

A  second  study  was  performed  based  on  a  diffusion-controlled  rate  law.  The  simple 
parabolic  kinetic  model 

a  =  M*  (3.8) 

describes  well  a  process  where  the  interface  area  is  constant  and  the  diminution  of 
reaction  rate  is  a  consequence  of  increasing  thickness  of  the  diffusion  barrier.  The  above 
equation  can  be  written  in  the  equivalent  logarithmic  form 

lna  =  —In/  +  —\nk 

2  2  (3.9) 

This  expression  (3.9)  has  been  shown  to  be  obeyed  by  one-dimensional  diffusion 

process,  such  as  oxidation  of  metals,  where  the  reactant  is  in  the  form  of  a  thin  sheet. 

Figure  3.8  shows  the  plot  of  In  a  vs.  In  /  for  the  same  XRD  data  used  in  the  Avrami 

analysis.  Table  3.3  gives  the  slope  of  each  curve  and  the  resulting  kinetic  rate  constants 

extracted  from  the  slopes  of  the  plot.  The  slope  is  approximately  equal  to  0.5  for  all  the 

runs  throughout  most  of  the  reaction  period,  which  strongly  indicates  that  the  reaction  is 

one-dimensional  diffusion  controlled.  This  result  is  consistent  with  the  conclusions 

drawn  from  the  Avrami  analysis.  The  Arrhenius  equation  and  the  parabolic  law 

parameters  were  used  to  produce  another  estimate  of  the  apparent  activation  energy 

(Figure  3.9).  The  result  yielded  the  apparent  activation  energy  Ea  =  65.2  kJ/mol,  which  is 

consistent  with  the  value  Ea  =  66.0  kJ/mol  obtained  from  the  Avrami  analysis.  Hence, 

the  results  from  two  different  analyses  are  consistent  and  lead  to  an  identical  conclusion, 

namely  that  the  reaction  is  one-dimensional  diffusion  controlled. 
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3.3.2    Engineering  of  Reaction  Pathways 

As  described  above,  non-isothermal  heating  was  used  to  investigate  phase  evolution 
and  reaction  pathways  of  the  samples  as  follows.  Different  precursor  samples, 
InSe/CuSe,  and  InSe/Cu:Se,  were  heated  to  several  set  points.  The  top  layer  of  the 
second  sample,  Cu:Se  means  mixture  of  elemental  copper  and  indium  that  was  prepared 
depositing  copper  and  indium  simultaneously  at  room  temperature.  At  each  set  point,  the 
samples  were  held  for  15  minutes  during  which  sequential  longer-range  (20-55°  2theta) 
HTXRD  scans  were  collected  every  85  seconds.  After  15  minutes,  the  temperature  was 
raised  to  the  next  set  point  at  a  ramp  rate  of  60  °C/min,  and  the  process  was  repeated. 
The  longer-range  XRD  scan  was  selected  to  trace  all  the  intermediate  phases  and  their 
transformations,  and  was  accomplished  by  combining  HTXRD  data  from  four  discrete 
LPSD  positions.  It  was  observed  that  the  precursor  films  go  through  different  reaction 
pathways  depending  on  the  precursor  film  structure.  This  indicates  that  the  reaction 
pathway  can  be  controlled  designing  the  precursor  film  structure. 

Figure  3.10  displays  the  high  temperature  X-ray  diffractions  for  InSe/CuSe  precursor 
films  heated  under  vacuum  conditions.  It  depicts  well  the  phase  evolution  with  time 
through  the  reaction.  The  CuInSe2  phase  forms  directly  from  the  reactants  and  no 
intermediate  phase  is  detected.  During  the  entire  reaction,  CuInSe2  is  the  only  crystalline 
phase  to  form  according  to  the  HTXRD  data.  The  apparent  reaction  pathway  is  CuSe  + 
InSe  ->  CuInSe2.  With  an  identical  heating  process  under  air  and  helium  atmosphere,  the 
reaction  was  not  completed  at  the  end  of  the  run  while  the  reactants  were  completely 
transformed  to  CuInSe2  phase  under  vacuum  well  before  the  run  ends.  Higher  pressure 
conditions  seems  to  slow  down  the  reaction.  It  was  previously  reported  that  the  low 
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pressure  leaded  to  completion  of  the  reaction  at  lower  temperature  (Lakshmikumar  1995, 
Lakshmikumar  1996),  which  is  consistent  with  our  result.  Further  study  is  needed  to 
understand  the  mechanism. 

Another  precursor  film,  InSe/Cu:Se,  went  through  different  reaction  pathway.  The  top 
layer  of  this  precursor  film  consists  of  elemental  copper  and  selenium  instead  of  a  binary 
phase.  Figure  3.11  demonstrates  that  Cu7Se4  phase  forms  first  from  the  top  layer.  It  is 
then  transformed  to  CuSe  phase.  Main  reaction  of  CuInSe2  formation  begins  after  CuSe 
phase  forms  probably  because  temperature  did  not  reach  high  enough  to  trigger  the 
CuInSe2  formation  until  that  point.  It  appears  that  formation  Cu?Se4  and  CuSe  are 
sensitively  affected  by  temperature  conditions.  These  results  demonstrate  that  the 
reaction  pathway  can  be  engineered  using  various  precursor  film  structures.  The 
precursor  film  structure  and  the  process  parameters  can  be  optimized  through  the 
HYXRD  study. 

3.4    Conclusions 

Time-resolved  high  temperature  X-ray  diffraction  analysis  has  been  successfully 
employed  to  conduct  quantitative  analyses  of  the  reaction  kinetics  of  the  CuInSe2  phase 
formation  from  bilayer  InSe/CuSe  precursor  films.  Transformation  from  the  precursor 
films  into  the  final  phase  was  clearly  observed  by  in-situ  X-ray  diffraction  scanning 
during  isothermal  heating.  The  analysis  results  based  on  the  Avrami  and  the  parabolic 
rate  law  models  support  the  conclusion  that  the  reaction  mode  is  one-dimensional 
diffusion  controlled.  The  estimated  apparent  activation  energies  from  these  analyses  are 
66.0  kJ/mol,  and  65.2  kJ/mol,  respectively. 

Careful  analysis  of  XRD  data  showed  that  there  was  a  non-crystalline  intermediate 
phase,  most  likely  amorphous  CuInSe2,  during  the  initial  stage  of  the  isothermal  heating 
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process.  The  combined  amorphous  and  crystalline  CuInSe2  interfacial  layer  functions  as 
a  diffusion  barrier  as  well  as  a  nucleation  barrier.  Further  research  should  perhaps  focus 
on  resolving  the  exact  nature  of  the  non-crystalline  intermediate  phases,  so  that  a  more 
fundamental  understanding  of  the  initial  growth  kinetics  can  be  achieved. 

The  reaction  pathway  for  CuInSe2  formation  could  be  altered  using  various  precursor 
film  structures,  which  was  confirmed  using  the  high  temperature  XRD.  These  results 
demonstrate  that  the  time-resolved  high  temperature  X-ray  diffraction  provides  a 
powerful  method  for  studying  the  reaction  kinetics  of  CuInSe2  growth  from  the  precursor 
films. 
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Table  3.1    Thermocouple  reading  and  corrected  temperature  of  the  specimen  measured 
by  the  thermal  expansion  method. 


Thermocouple  reading 
(°C) 

Absolute  temperature  of  the  specimen  (°C) 

Air 

Vacuum 

He 

270 

218 

218 

211 

290 

236 

234 

227 

310 

253 

251 

244 

330 

271 

268 

261 

Table  3.2    Estimated  rate  constants  and  Avrami  exponents  for  CuInSe2  formation  from 
bilayer  precursor  films. 


Temperature  (°C) 

*(■") 

Avrami  exponent  (n) 

218 

0.000298 

0.573 

236 

0.000562 

0.649 

253 

0.000945 

0.722 

271 

0.00148 

0.760 

Table  3.3    Estimated  rate  constants  and  the  exponents  based  on  the  parabolic  rate  law  for 
CuInSe2  formation  from  bilayer  precursor  films. 


Temperature  (°C) 

*(■") 

Exponent  («) 

218 

0.000116 

0.446 

236 

0.000190 

0.450 

253 

0.000347 

0.502 

271 

0.00539 

0.514 
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(a) 


(b) 

Figure  3 . 1    Structure  of  the  precursor  film,  InSe/CuSe:  (a)  schematic  drawing  of  the 
precursor  film  structures,  (b)  cross-sectional  SEM  image  of  the  precursor  film  (x40,000). 


43 


44 


CuInSe2 (112) 


Figure  3.2    Time-resolved  in-situ  X-ray  Diffraction  for  isothermal  heating  at  21 8  °C.  The 
last  20  data  were  collected  while  heating  at  340  °C  for  30  minutes. 
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Figure  3.3    Fractional  reaction  of  CuInSe2  formation  during  the  isothermal  runs  as  a 
function  of  time  and  temperature. 
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Figure  3.4   Fractional  reaction  of  CuSe  transformation  during  the  isothermal  runs  as  a 
function  of  time  and  temperature. 
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Figure  3.5    Sum  of  the  mole  fractions  of  the  reactant  (CuSe)  and  the  product  (CuInSe2> 
through  isothermal  heating. 
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Figure  3.6   Avrami  plots  for  the  isothermal  reactions  at  different  temperatures. 
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Figure  3.7    Arrhenius  plot  for  the  isothermal  reactions  based  on  the  Avrami  analysis: 
apparent  activation  energy  for  CuInSe2  growth  reaction,  Ea  =  66.0  kJ/mol. 
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Figure  3.8    Plots  based  on  the  parabolic  rate  law  for  the  isothermal  reactions  at  different 
temperatures. 
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Figure  3.9    Arrhenius  plot  for  the  isothermal  reactions  based  on  the  parabolic  rate  law: 
apparent  activation  energy  for  CuInSe2  growth  reaction,  Ea  =  65.2  kJ/mol. 
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Figure  3.10   Time-resolved  in-situ  X-ray  Diffraction  with  increasing  temperature: 
transformation  from  a-InSe/CuSe  to  CuInSe2. 
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CuInSe2(112) 
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0117864  (320) 


Figure  3.11    Time-resolved  in-situ  X-ray  Diffraction  with  increasing  temperature: 
transformation  from  a-InSe/Cu:Se  to  CuInSe2. 
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CHAPTER  4 

SECONDARY  GRAIN  GROWTH  OF  CUNSE2  IN  THE  PRESENCE  OF  CUXSE 

DRIVEN  BY  INTERFACIAL  FORCES 

4.1    Introduction 

It  is  well  known  that  the  secondary  phase,  copper  selenide,  plays  an  important  role  in 
grain  growth  of  CIS-based  materials  (Rockett  1994,  Klenk  1993).  The  existence  of 
copper  selenide  during  CIS  film  growth  is  connected  to  increases  in  the  grain  size  and 
improvements  in  the  electrical  properties  of  the  film.  Some  researchers  hypothesized  that 
the  secondary  phase  exists  as  a  liquid-like  phase  during  the  process  and  enhance  transport 
of  the  reactants  from  vapor  phase  into  the  surface  of  growing  CIS  phase  (Klenk  1993, 
Turtle  1995).  This  is  often  called  vapor-liquid-solid  (V-L-S)  growth  model,  and  it 
emphasizes  the  kinetic  factor  during  film  growth.  The  kinetic  growth  models  seem  to 
explain  acceptably  the  dramatic  grain  size  change  related  with  composition  range, 
however,  there  has  not  been  any  direct  evidence  that  the  kinetic  factor  is  the  only  driving 
force  for  grain  growth.  Furthermore,  the  kinetic  growth  models  are  valid  only  when  there 
is  supply  of  reactants  from  vapor  phase. 

For  other  thin  film  systems,  it  is  well  established  that  the  driving  force  for  grain 
growth  is  often  the  reduction  of  the  interfacial  free  energy  that  accompanies  reduction  in 
total  grain  boundary  area  (Atkinson  1988,  Hillert  1965,  Thompson  1985,  Srolovitz  1983). 
It  is  hence  quite  plausible  to  assume  that  the  grain  growth  mechanism  in  the  CIS-based 
material  is  also  related  to  a  reduction  of  interfacial  free  energy.  In  particular,  the 
dramatic  increase  of  the  grain  size  in  the  presence  of  the  copper  selenide  phase  during 
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growth  shows  some  similarities  to  the  so  called,  "secondary  grain  growth"  or  "abnormal 
grain  growth"  phenomenon  for  other  film  growth  processes  (Wong  1986,  Palmer  1987, 
Thompson  1984,  Thompson  1988).  In  this  mechanism,  the  secondary  grain  growth  is 
induced  by  the  selectivity  in  driving  force  provided  by  surface-energy  anisotropy.  That 
is,  to  minimize  the  total  energy  of  the  system,  the  grains  with  the  orientations  that  have 
minimum  surface  energy  grow  and  become  prevalent  by  consuming  the  grains  with  other 
orientations  that  have  higher  surface  energy  (Cahn  1970,  Thompson  1985). 

If  the  copper  selenide  phase  enhances  the  surface-energy  anisotropy  of  the  CuInSe2 
phase,  in  other  words,  if  the  copper  selenide  appreciably  lowers  the  interface  free  energy 
of  a  specific  orientation,  it  will  lead  to  large  grains  with  a  specific  crystallographic 
texture.  The  other  feature  of  the  secondary  grain  growth,  such  as  reduction  of  some 
orientation  phase  and  development  of  bimodal  grain  size  distribution,  will  be  observed. 
In  this  chapter,  it  is  reported  that  existence  of  the  copper  selenide  phase  dramatically 
increases  the  average  grain  size  of  the  CuInSe2  film  during  an  annealing  process,  and  it  is 
suggested  that  a  thermodynamic  driving  force,  surface-energy  anisotropy  drives  the 
process. 

4.2    Kinetic  Aspect  of  Growth  Mechanism  of  CuInSe2-based  Thin  Films 
4.2.1    Vapor-Liquid-Solid  Growth  Model  for  CIS-based  Thin  Films 

The  quality  of  CIS-based  thin  films  strongly  depends  on  the  process  parameters, 
especially  the  metal  atomic  ratio,  [Cu]/[In],  and  the  growth  temperature.    Many  research 
groups  have  incorporated  the  Cu-rich  growth  steps  to  produce  larger  grain  size.  It  is  well 
known  that  the  surface  of  even  slightly  Cu-rich  CIS  thin  film  is  covered  with  CuxSe 
phase  (Rockett  1 994,  Niemi  1 990,  Tuttle  1 99 1 ).    Many  researchers  suggested  that  a 
copper  selenide  phase,  CuxSe,  exists  as  liquid  phase  during  a  high  temperature  growth 
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process,  and  it  enhances  the  grain  growth  due  to  its  superior  transport  mechanism 
(Birkmire  200 1 ,  Nadenau  1 995).    There  has  not  been,  however,  any  direct  proof  for  the 
existence  of  the  liquid  phase  during  the  growth  process. 

Droplet  structures  have  been  reproducibly  observed  (Figure  4.1)  on  the  surface  of  as- 
grown  Cu-rich  CIS  thin  films  when  certain  conditions  are  fulfilled,  namely  Cu-rich 
composition  during  growth  stage  and  sufficient  Se  flux  during  the  growth  and  cooling 
stages.  Other  features  of  the  as-grown  samples  and  the  process  strongly  suggest  that  the 
droplet  structure  is  closely  related  to  the  CuxSe  liquid  phase.  The  droplet  structure  seems 
to  be  significantly  affected  by  the  substrate  type,  temperature,  final  thickness  of  the  film 
as  well  as  the  composition.  This  study  should  help  to  better  understand  the  fundamental 
growth  mechanism  of  CIS-based  thin  films. 

It  is  well  known  that  growing  thin  films  with  different  stoichiometrics  ([Cu]/[In]  >1 
and  <1)  grow  by  entirely  different  mechanisms  and  result  in  distinguished  crystalline 
structure  from  each  other.  Klenk  et  al.  (Klenk  1993)  proposed  a  model  for  the 
characteristic  growth  mechanism,  'vapor-liquid-solid  model'.  It  explains  the  role  of  the 
secondary  copper-chalcogenide  phases  in  CIS-based  thin-film  growth,  and  several 
researchers  refined  the  model  (Tuttle  1991,  Turtle  1995). 

It  has  been  shown  that  some  properties  of  CU-III-VI2  materials  undergo  a  sudden 
change  as  soon  as  even  a  small  amount  of  excess  copper  ([Cu]/[III]  >1)  is  present  in  the 
film.  Early  in  the  development  of  CIS  photovoltaic  device,  the  so-called  "Boeing  recipe" 
was  employed  to  grow  CIS  thin  films  with  large  grain  size.  The  process  was  first 
growing  Cu-rich  thin  film  and  turning  it  into  an  overall  Cu-poor  thin  film  by  reducing  the 
[Cu]/[In]  during  latter  part  of  the  process.  The  enhanced  grain  size  was  attributed  to  the 
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superior  grain  growth  mechanism  of  the  bottom  layer,  Cu-rich  CIS.  As-grown  Cu-rich 
thin  films  showed  much  larger  grain  size  (2  to  10  um)  than  that  of  as-grown  Cu-poor 
samples  (<1  urn)  (Turtle  1994,  Klenk  1993).  The  shape  of  the  grains  also  changed 
depending  on  the  composition  ratio.  The  grain  structure  of  Cu-rich  samples  was  more 
round-shaped  while  that  of  Cu-poor  samples  is  very  facetted.  This  anisotropy,  attributed 
to  limitations  in  chalcogen  supply,  is  not  observed  in  Cu-rich  films.  It  suggests  that  the 
Cu-rich  and  the  In-rich  films  go  through  entirely  different  growth  mechanism.  Many 
researchers  believe  that  the  growth  mechanism  of  the  CIS  thin  films  is  strongly  affected 
by  the  presence  of  the  secondary  phase,  CuxSe. 

The  primary  assumptions  of  the  V-L-S  model  are:  (1)  the  presence  of  liquid  phase  on 
the  surface  during  growth,  and  (2)  the  grain  growth  is  enhanced  by  the  liquid  phase  to 
give  superior  transport.  According  to  the  phase  diagram  of  the  Cu-In-Se  ternary  system, 
the  existence  of  a  liquid  phase  of  CuxSe  is  possible  and  very  likely  at  high  temperature 
(>530  °C)  (Nadenau  1995),  although  it  is  realized  that  the  growth  process  is  not  at 
equilibrium.  This  reasoning  coincides  with  several  experimental  results  that  display  high 
crystalline  structure  and  large  grain  size  above  this  high  temperature  (Turtle  1995,  Stolt 
1993).  The  absorber  layers  of  the  best  efficiency  solar  cells  have  been  grown  at  these 
conditions. 

It  is  also  well  known  that  CuxSe  phase  exists  primarily  at  grain  boundaries  and 
surface;  hence,  it  is  plausible  that  vapor,  liquid,  and  solid  phases  coexist,  and  the  ternary 
chalcopyrite  grains  grow  by  way  of  the  vapor-liquid-solid  growth  mechanism.  Figure  4.2 
depicts  schematic  structure  of  a  growing  Cu-rich  CIS  thin  film  in  view  of  the  V-L-S 
growth  model.  The  solid  bottom  layer  phase  is  a  growing  CuInSe2.  The  vapor  species 


57 


58 

impinge  and  condense  on  the  surface  of  the  binary  liquid  phase.  They  are  then 
transported  to  the  liquid/solid  interface  and  incorporated  in  the  film.  The  excess  Cu  and 
Se  remain  in  the  liquid  phase,  so  the  solid  ternary  phase  will  be  nearly  stoichiometric 
CuInSe2.  If  the  vapor  is  deficient  in  Cu,  then  the  Cu-Se  phase  will  be  consumed  to  form 
the  solid  ternary  phase,  and  its  amount  is  reduced.  If  the  Cu  deficiency  in  the  vapor 
phase  is  maintained,  the  liquid  CuxSe  phase  will  finally  disappear,  and  an  In-rich  surface 
is  formed  (Ramanathan  1993).  It  is  believed  that  the  key  role  of  the  liquid  phase  is  to 
enhance  transport  of  the  adsorbed  species  into  the  growing  surfaces. 

Turtle  et  al.  (Turtle  1995)  proposed  that  a  growing  CIS  thin  film  goes  through  two 
different  phase  segregations  in  sequence  depending  on  the  thickness  of  the  film. 
According  to  their  model,  phase  separation  between  CuxSe(l)  and  CuInSe2(s)  phases 
esists  lateral  to  the  growth  plane  during  initial  stage  of  the  growth  process.  The  liquid 
secondary  phase  enhances  mobility  of  the  adatom  on  surface  and  mass  transport  of  the 
adsorbed  species,  which  result  in  enhanced  grain  growth.  As  the  CuInSe2  solid  coalesces, 
the  surface  energy  between  the  liquid  and  the  solid  phases  increases  and  reaches  a  critical 
value,  at  which  time  the  phase  separation  converts  to  an  orientation  normal  to  the  growth 
plane.  This  mechanism  reflects  the  result  and  reasoning  of  Adams  (Adams  1992)  applied 
for  phase  separation  of  Al-Ge  thin  films  during  co-deposition.  The  result  clearly  shows 
that  Al-Ge  phase  separation  was  lateral  and  transformed  to  transverse  as  the  film  grows. 
This  phenomena  can  be  explained  in  view  of  relative  thermodynamic  stability  of  the  co- 
existing phases  in  the  thin  film  structure.  Turtle  et  al.  also  proposed  that  the  presence  of  a 
liquid  phase  is  possible  even  at  low  temperature  condition  (<  melting  point  of  CuSe; 
523°C).  It  has  been  observed  in  other  thin  film  material  systems  (Givargizov  1991).  The 
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thermodynamic  driving  forces  and  rates  on  surface  of  thin  films  are  quite  different  from 
those  of  bulk  material.  As  a  rule  of  thumb,  thin  films  can  be  condensed  in  the  liquid  state 
above  temperature  of  approximately  2/3  Tm  (the  melting  point  of  the  bulk  material) 
(Givargizov  1991).  These  results  support  the  hypothesis  that  the  presence  of  liquid  phase 
at  the  surface  region  is  quite  plausible  during  CIS  thin  film  growth  at  even  less  than 
523°C.  Another  research  group  also  proposed  the  possibility  of  the  liquid  phase  at  low 
temperature  condition  (Nadenau  1995). 

Although  experimental  results  and  theoretical  evidence  exists  for  the  presence  of  a 
secondary  liquid  phase  during  growth  process,  there  has  not  been  any  direct  proof  that  the 
liquid  phase  actually  exists  and  enhances  grain  growth  mechanism.  Recently,  a  unique 
film  surface  morphology  was  observed  in  the  CIS  films  deposited  by  MEE.  It  may 
provide  a  more  direct  evidence  for  the  presence  of  liquid  phase  during  film  growth.  The 
result,  however,  are  likely  to  be  attributed  to  the  unique  feature  of  MEE  growth  system. 
4.2.2    Experimental  Evidence  of  the  Liquid  Phase  during  Growth  Process 

In  this  work,  a  unique  experimental  result  was  obtained.  It  may  be  related  to  the 
vapor-liquid-solid  growth  mechanism.  To  the  best  of  our  knowledge,  no  such  result  has 
been  reported  to  date.  It  may  be  a  strong  and  direct  evidence  of  the  V-L-S  growth  model 
according  to  what  the  analysis  results  indicate. 

Cu-rich  CIS  thin  films  were  grown  at  various  temperature  and  elemental  flux  ratios.  A 
reproducible  surface  morphology  is  obtained  when  both  conditions  of  Cu-rich  metal  flux 
and  sufficient  selenium  flux  are  supplied  to  the  growth  of  CIS  films.  Droplet-shaped 
islands  formed  on  the  surface  of  Cu-rich  CIS  thin  films  (Figure  4.2).  According  to  the 
AES  and  EDS  composition  measurements,  the  islands  (droplet  region)  have  different 
composition  than  the  rest  of  the  region  (matrix  region).  The  composition  of  the  droplet 
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region  is  much  more  Cu-rich  than  that  of  the  plane  region.  When  the  overall  composition 
of  the  film  is  slightly  Cu-rich,  it  seems  that  only  the  droplet  region  has  Cu-rich 
composition  while  the  matrix  region  is  slightly  Cu-poor  or  almost  stoichiometric  (Cu/In 
<1).  This  suggests  that  there  is  a  phase  segregation  lateral  to  the  growth  plane  during  the 
growth  process. 

Careful  observation  by  SEM  revealed  that  the  grain  size  of  the  droplet  region  is  larger 
than  that  of  the  matrix  region.  It  suggests  that  the  superior  grain  growth  mechanism 
occurred  in  the  droplet  region.  XRD  analysis  shows  that  the  thin  films  with  the  droplet 
structures  have  Cu-rich  secondary  phase,  CuxSe.  It  is  very  likely  that  only  the  droplet 
region  has  this  secondary  CuxSe  phase  since  the  composition  of  that  region  is  Cu-rich  and 
the  composition  of  the  plane  region  is  slightly  Cu-poor.  The  droplet  structure  remains 
even  after  etching  the  secondary  phase  with  KCN  solution,  which  means  that  the  larger 
grains  are  CuInSe2  as  well  as  the  Cu-rich  secondary  phase. 

It  is  our  hypothesis  that  the  droplet  structure  is  caused  by  the  presence  of  a  liquid 
phase  and  its  superior  grain  growth  mechanism.  The  shape  of  the  structure  is  very  similar 
to  that  of  liquid  droplets  (Figure  4.2).  The  Cu-rich  composition  in  the  droplet  region 
indicates  that  the  region  was  covered  by  a  low  melting  temperature  Cu-rich  secondary 
phase.  The  difference  of  the  grain  size  between  the  droplet  region  and  the  matrix  region 
becomes  larger  when  an  annealing  step  is  introduced  at  the  end  of  the  deposition 
probably  because  the  annealing  step  enhances  surface  migration  (Figure  4.3). 

The  droplet  structure  did  not  appear  when  the  selenium  composition  (the 
[Se]/([Cu]+[In]+[Se])  ratio)  was  below  48%,  even  though  the  film  is  very  Cu-rich.  Cu- 
Se  phase  such  as  Cu2Se  has  a  very  high  melting  temperature  compared  to  the  selenium- 
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rich  eutectic  at,  523°C.  It  is  thus  possible  that  a  deficiency  in  selenium  prevented 
formation  of  the  low  melting  eutectic  liquid.  The  shape  of  the  droplet  increasingly 
resembles  that  of  a  liquid  droplet  as  the  growth  temperature  is  increased  or  annealing 
process  is  introduced  (Figure  4.4). 

For  the  hypothesis  described  above,  however,  there  are  still  some  questions  that  need 
to  be  answered.  Firstly,  the  growth  temperature  (400±30°C)  seems  to  be  too  low  to 
sustain  a  liquid  phase.  The  answer  may  come  from  the  example  of  a  different  material 
system.  Givargizov  introduced  a  result  that  is  somewhat  commonly  observed  in  thin  film 
structure  (Givargizov  1991).  The  thermodynamics  and  kinetics  on  the  surface  can  be 
quite  different  from  that  of  bulk  state.  It  is  possible  that  some  species  is  condensed  as  a 
liquid  or  semi-liquid  phase  above  approximately  2/3  of  the  melting  temperature  (K).  If  it 
can  be  applied  to  CIS  thin  films,  2/3  of  the  CuSe  melting  point,  236°C,  is  lower  than  the 
growth  temperature. 

Another  important  question  is  why  the  specific  result  is  only  found  when  deposition 
occurs  by  MEE  system.  To  answer  this  question,  the  unique  features  of  the  MEE  system 
need  to  be  understood. 

The  differences  from  typical  co-deposition  systems  are  discussed  in  the  system 
description  section  (Chapter  1).  The  MEE  system  adopts  a  rotating  platen  that 
sequentially  delivers  the  metal  and  the  chalcogen  elements,  therefore,  each  source 
impinges  on  the  substrate  in  an  intermittent  and  periodic  fashion.  There  is  also  certain 
time  period  (load  lock  zone)  that  the  substrate  is  not  exposed  to  a  flux.  The  system  was 
designed  to  enhance  the  surface  migration  of  species  so  that  a  lower  growth  temperature 
or  potentially  better  material  quality  could  be  achieved. 


61 


62 

A  liquid  in  contact  with  a  solid  will  either  completely  wet  the  surface  or  form  a 
spherical  droplet  depending  on  the  surface  free  energies,  ysl,  Ysv,  and  ylv-  It  has  been 
observed  that  the  appearance  of  the  droplet  surface  morphology  depends  on  the  substrate 
used.  The  structure  clearly  formed  on  Mo-coated  substrates  while  it  did  not  appear  on 
bare  soda  lime  glass  substrates.  A  hint  about  what  is  occurring  can  be  found  from  the 
experiment  of  Adams  on  phase  segregation  during  Al-Ge  deposition  (Adams  1992).  The 
phase  segregation  is  lateral  during  initial  stages  of  growth,  and  then  becomes  transverse 
as  the  film  continues  to  grow.  It  is  argued  in  this  work  that  the  transformation  occurs  to 
make  the  system  thermodynamically  more  stable. 

4.3    Experiments 

The  migration  enhanced  epitaxy  (MEE)  growth  system  was  used  to  grow  CIS  films, 
and  the  equipment  is  discussed  in  Chapter  1 . 

Approximately  0.6  um  of  CuInSe2  was  grown  on  molybdenum-coated  soda  lime 
glasses  in  the  MEE  system.  The  substrate  temperature  was  450  °C.  The  films  were 
grown  very  slightly  Cu-rich  ([Cu]/[In]  =  1.02).  Thin  layer  of  CuSe  (-0.1  um)  was  then 
deposited  on  the  as-grown  CIS  film  at  a  low  temperature  (-150  °C)  in  the  MEE  system. 
This  temperature  is  sufficiently  low  to  prevent  reaction  between  CuSe  layer  and  the 
underlying  CIS  layer.  The  final  sample  structure  before  the  annealing  step  is 
glass/Mo/CIS/CuSe  as  depicted  in  Figure  4.5.  The  films  with  and  without  the  CuSe  layer 
were  annealed  in  the  MEE  system  under  the  conditions  given  in  Table  4. 1 .  The 
composition  of  the  films  was  measured  using  ICP.  The  SEM  analysis  was  performed 
with  a  JEOL  JSM-6335F  field  emission  scanning  electron  microscope.  XRD  data  were 
analyzed  using  the  software  JADE,  a  program  for  powder  diffraction  data  analysis. 
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4.4    Results  and  Discussion 

Composition  of  the  as-grown  CuInSe2  films  was  intended  to  be  very  slightly  copper 
rich  ([Cu]/[In]  =  1 .02)  to  prevent  Cu  incorporation  into  the  CuInSe2  phase  leading  to 
additional  formation  of  CuInSe2  during  the  annealing  step.  The  phases  that  exist  in  CIS 
strongly  depend  on  the  film  composition  (Klenk  1993,  Turtle  1995,  Rockett  1994).  When 
the  composition  is  slightly  indium-rich,  the  phase  diagram  indicates  that  the  material  is 
single  phase,  CuInSe2.  The  two-phase  CuxSe-CuInSe2  boundary  lies  very  close  to  the 
[Cu]/[In]  =1  composition.  Addition  of  Cu  or  other  element  will  form  CIS  within  the  limit 
of  the  single  phase  region.  Two  phases,  CuInSe2  and  CuxSe,  co-exist  when  the  film 
composition  is  stoichiometric  or  Cu-rich.  It  is  important  to  know  that  the  excess  copper 
is  not  incorporated  into  the  CuInSe2  phase  but  consumed  to  form  the  secondary  phase, 
copper  selenide. 

The  CuxSe  phase  in  the  film  can  be  selectively  etched  by  a  potassium  cyanide  (KCN) 
solution.  When  the  as-grown  CuInSe2  films  were  treated  with  1 0  %  KCN  aqueous 
solution,  the  film  composition  changed  from  slightly  Cu-rich  ([Cu]/[In]~1.02)  to  slightly 
indium-rich  ([Cu]/[In]~0.99:  Table  4.2).  X-ray  diffraction  spectra  show  small  peaks  of 
the  CuSe  phase  before  the  etching,  and  those  peaks  disappear  after  the  KCN  treatment. 
The  ICP  and  XRD  results  indicate  that  the  as  grown  CIS  samples  have  a  small  amount  of 
the  CuxSe  phase. 

The  sample  groups  with  and  without  the  additional  copper  selenide  layer  were 
annealed  at  the  same  time  in  the  MEE  system.  The  exact  annealing  conditions  are 
described  in  Table  4.1.  Selenium  flux  with  source  maintained  at  250  °C  was  maintained 
to  prevent  selenium  loss  by  evaporation  from  the  samples,  which  keeps  the  composition 
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of  both  CIS  and  CuSe  constant  throughout  the  annealing  process.  After  the  annealing 
process,  both  the  samples  with  and  without  the  CuSe  layer  were  treated  by  the  KCN 
solution  to  remove  the  CuxSe  phase  and  the  composition  of  the  sample  was  determined 
by  ICP.  The  results  shows  that  the  film  composition  after  annealing  and  the  KCN 
treatment  (sample  group  C-KCN)  is  very  close  to  that  of  the  KCN-treated  CIS  samples 
that  was  not  annealed  (sample  group  A-KCN).  This  result  indicates  that  there  was  not 
incorporation  of  any  element  into  the  CuInSe2  phase  during  the  annealing  step.  As 
mentioned  earlier,  it  is  important  to  know  that  the  excess  copper  is  not  incorporated  into 
the  CuInSe2  ( i.e.,  this  phase  is  saturated  with  reagent  of  Cu)  but  remains  in  a  secondary 
phase  (CuxSe).  Overpressure  of  the  selenium  was  maintained  during  the  CuInSe2  film 
growth  and  for  selected  samples  during  the  annealing  process,  hence;  it  can  be  reasonably 
assumed  that  there  was  not  significant  addition  or  loss  of  selenium  during  the  process. 
The  compositional  analyses  and  the  phase  diagram  strongly  suggest  that  there  is 
negligible  or  no  CIS  phase  formation  through  incorporation  of  new  elements  during  the 
annealing  process.  This  minimizes  the  possibility  that  the  grain  growth  occurred  by  the 
mass  transport  between  the  CIS  and  the  CuxSe  phases  (i.e.,  a  kinetic  effect)  during  the 
annealing  step. 

Figures  4.5  and  4.7  display  SEM  images  of  the  samples  that  were  annealed  with  (b) 
and  without  (a)  the  CuSe  layer,  and  with  a  Se  overpressure  during  annealing.  These 
images  clearly  show  that  grain  growth  results  from  the  annealing  in  the  presence  of  CuSe 
layer,  compared  to  annealing  process  without  the  CuSe  layer.  Some  of  the  grains  in  the 
samples  annealed  with  the  CuSe  layer  (362-3K  and  363-3K)  are  larger  than  the  film 
thickness. 
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Full  width  at  half  maximum  (FWHM)  of  the  (112)  x-ray  diffraction  peak  was 
measured  to  better  quantify  crystallinity  and  grain  size  of  the  samples  comparing  samples 
of  group  C  (annealed  in  the  presence  of  CuSe  layer)  and  group  D  (annealed  without  CuSe 
layer).  Table  4.2  shows  that  the  FWHM  values  decreased  by  ~  30%  by  annealing  in  the 
presence  of  CuSe  layer.  The  samples  annealed  with  the  CuSe  (sample  group  C)  show 
remarkably  greater  peak  intensity  and  smaller  FWHM  values  of  (1 12)  peak  compared  to 
the  sample  groups  that  did  not  have  the  CuSe  layer  during  annealing  (Table  4.2  and 
Figure  4.8).  These  results  strongly  suggest  that  existence  of  the  CuSe  layer  during  the 
annealing  process  enhanced  the  (112)  oriented  grain  growth.  The  XRD  result  is 
consistent  with  the  SEM  images  (Figures  4.6  and  4.7)  that  show  an  increase  in  the  grain 
size. 

The  samples  that  did  not  have  the  CuSe  layer  during  annealing  also  shown  an  increase 
of  the  (112)  peak  area,  but  much  less  compared  to  the  samples  with  the  CuSe  layer 
(Figure  4.8).  It  is  likely  because  those  samples  without  the  CuSe  layer  had  small  amount 
of  CuSe  phase  due  to  the  slightly  Cu-rich  composition  of  the  as-grown  CuInSe2  films. 
The  small  amount  CuSe  phase  is  likely  to  cover  the  film  surface  in  part  and  exist  at  the 
grain  boundaries.  This  hypothesis  specifically  explains  the  difference  between  samples 
362  and  samples  363.  Figure  4.8  clearly  shows  that  363-4K  acquired  more  increase  of 
the  (112)  peak  area  compared  to  362-4K.  Those  two  samples  did  not  have  the  CuSe  layer 
during  the  annealing  process.  The  only  difference  is  that  the  samples  363 's  had 
overpressure  of  selenium  during  the  annealing  process  while  the  samples  362's  did  not. 
It  is  likely  that  absence  of  the  selenium  supply  during  the  annealing  process  caused 
selenium  evaporation  from  the  CuSe  phase  of  the  samples  362's  and  resulted  in  phase 
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transition  from  CuSe  to  the  selenium  poor  CuxSe  phase.  It  could  reduce  the  effect  of  the 
CuSe  phase  in  the  sample  362-4K.  The  difference  in  the  peak  area  between  the  sample 
362-3K  and  the  363-3K  is  negligible.  Both  samples  had  a  CuSe  layer  during  annealing. 

Figure  4.9  displays  the  (220)/(204)  reflections  of  CIS  samples  that  were  annealed  with 
and  without  the  CuSe  layer.  Interestingly,  it  is  observed  that  peak  area  of  the  (220)/(204) 
orientated  grains  decreased  more  when  the  CuSe  layer  was  deposited  prior  to  annealing 
(Table  4.2  and  Figure  4.9).  This  indicates  that  large  portion  of  the  (220)/(204)  oriented 
grains  were  consumed  to  contribute  to  (1 12)  oriented  grain  growth.  This  tendency  is 
clearly  demonstrated  in  Figure  4.10.  From  the  shape  of  the  curves,  extent  of  the  increase 
of  the  (112)  peak  area  is  consistent  with  the  decrease  of  the  (204)/(220)  peak  area. 
Specific  peak  area  is  proportional  to  the  amount  of  the  corresponding  crystalline  phase 
assuming  other  effects  (e.g.,  stress  or  strain  effects)  are  the  same.  This  is  a  strong 
evidence  for  secondary  grain  growth.  It  is  also  observed  that  the  FWHM  decreases  after 
annealing  so  that  (204)  and  (220)  peaks  are  split  in  the  samples  362-3K  and  the  363-3K. 
Those  two  peaks  could  not  be  clearly  distinguished  before  annealing  since  they  closely 
overlapped  and  the  crystallinity  was  poor. 

As  pointed  out  earlier,  secondary  grain  growth  can  be  induced  by  a  selectivity  in 
driving  force  provided  through  a  surface-energy  anisotropy.  To  minimize  the  total  free 
energy  of  the  system,  grains  with  orientations  that  minimize  the  surface  energy  grow  to 
consume  the  grains  with  other  orientations  (Cahn  1970,  Thompson  1985).  The  surface- 
energy  anisotropy  can  play  a  dominant  role  in  determining  which  grains  become 
secondary  grains  in  thin  films.  As  a  result,  a  specific  orientation  may  grow  and 
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sometimes  become  dominant  while  other  orientations  diminish  or  disappear.  Existence 
of  secondary  phase  and  defect  can  affect  the  status  of  the  surface  energy  anisotropy. 

In  the  chalcopyrite  structure  material  systems  such  as  CuInSe2,  the  (112)  plane  is 
likely  to  have  the  lowest  surface  energy  for  free  surfaces  (Zhang  2001,  Liao  2002).  As  a 
result,  XRD  spectra  of  CIS  films  often  show  that  the  CIS  films  are  textured  along  the 
(112)  plane  parallel  to  the  substrate.  The  second  strongest  peak  is  usually  the 
(204)/(220).  It  is  possible  that  presence  of  the  CuxSe  increases  the  surface-energy 
anisotropy  by  selectively  lowering  the  surface  free  energy  of  the  (1 12)  orientation  phase. 

From  the  XRD  results,  all  the  samples  annealed  with  the  CuSe  layer  showed  an 
increase  of  the  (112)  orientated  phase  and  a  decrease  of  the  (220)/(204)  phase  compared 
to  the  as-grown  CuInSe2  films.  The  extent  of  the  increase  of  the  (112)  peak  area  is 
consistent  with  that  of  a  decrease  in  the  (220)/(204)  peak  area.  The  SEM  images  show 
that  annealing  with  the  CuSe  layer  increased  the  grain  size  of  the  CIS  films.  These 
results  are  consistent  with  a  secondary  grain  growth  mechanism  assisted  by  the  CuSe 
phase. 

It  is  proposed  that  the  CuSe  phase  enhances  the  surface-energy  anisotropy  of  the 
CuInSe2  films  and  consequently  induces  the  secondary  grain  growth  of  the  (112) 
orientated  phase.  This  is  likely  to  occur  during  many  other  growth  processes  of  the 
CuInSe2-based  materials  when  the  overall  composition  is  Cu-rich.  The  thermodynamic 
factor  (the  surface-energy  anisotropy)  as  well  as  the  kinetic  factor  (mobility 
enhancement)  is  believed  to  be  primary  driving  forces  for  the  enhanced  grain  growth  to 
result  in  the  large  grain  size  of  CuInSe2  phase. 
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4.5    Conclusions 

The  effect  of  a  secondary  CuSe  phase  on  the  grain  growth  of  CuInSe2  films  was 
investigated.  CuInSe2  films  were  deposited  onto  molybdenum-coated  soda  lime  glass 
using  a  molecular  beam  epitaxy  system.  The  composition  of  the  as-grown  CuInSe2  films 
were  intended  to  be  stoichiometric  or  slightly  Cu-rich.  On  selected  films,  thin  layer  of 
the  CuSe  was  deposited  on  the  as-grown  CuInSe2  films.  These  bi-layer  samples, 
CuInSe2/CuSe,  were  then  annealed  at  two  different  temperatures  and  with  and  without  Se 
overpressure.  The  grain  size  was  observed  to  increase  (up  to  a  few  urn)  in  samples 
annealed  with  the  CuSe  layer  as  compared  to  samples  annealed  without  the  CuSe  layer. 
After  annealing  the  CuInSe2/CuSe  films,  the  peak  area  of  the  (112)  reflections  increased 
while  that  of  the  (220)/(204)  reflections  decreased,  consistent  with  (112)  oriented  grain 
growth  at  the  expense  of  the  (220)/(204)  grains.  It  is  proposed  that  there  is  a 
thermodynamic  driving  force  for  the  grain  size  increase,  known  as  "secondary  grain 
growth",  assisted  by  the  surface-energy  anisotropy. 
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Table  4.1    Summary  annealing  conditions 


Sample 
group 

Sample 
number 

Structure  before 
annealing 

Annealing  conditions 

KCN 
treatment 

Remarks 

Temperature 

Se 
overpressure 

A 

359-8 

CuInSe2 

No  annealing 

No 

As  grown 
CIS,  No 

annealing 

A-KCN 

359-8K" 

CuInSe2 

No  annealing 

Yes 

No 
annealing, 

KCN 
treatment 

B 

360-2 

CuInSe2/CuSe 

No  annealing 

No 

Deposition 
ofCuSe 

layer 

B-KCN 

360-2K 

CuInSe2 

No  annealing 

Yes 

KCN 

treatment  of 

group  B 

C-KCN 

362-3  K 

CuInSe2/CuSe 

-450  °C 

No 

Yes 

Annealing 
with  CuSe 

layer 

D-KCN 

362-4K 

CuInSe2 

-450  °C 

No 

Yes 

Control 
sample  I 

C-KCN 

363-3K 

CuInSe2/CuSe 

-450  °C 

Yes 

Yes 

Annealing 
with  CuSe 

layer 

D-KCN 

363-4K 

CuInSe2 

-450  °C 

Yes 

Yes 

Control 
sample  II 

C-KCN 

364-3  K 

CuInSe2/CuSe 

-370  °C 

Yes 

Yes 

Annealing 

with  CuSe 

layer 

a:  K  indicates  that  the  sample  was  treated  with  KCN  to  remove  CuxSe  phase. 


69 


70 


Table  4.2    Composition  (ICP)  and  X-ray  diffraction  analysis  results 


Sample  group 

Sample 
number 

Atom  (%) 

FWHM 
of (112) 

Peak  area  of 
(112) 

Peak  area  of 
(204)/(220) 

Cu 

In 

Se 

Cu/In 

A 

359-8 

25.7 

25.1 

49.2 

1.02 

- 

- 

- 

A-KCN 

359-8K 

25.2 

25.5 

49.3 

0.99 

0.134 

3.40x1 05 

1.36xl05 

B 

360-2 

28.3 

22.5 

49.2 

1.25 

- 

- 

- 

B-KCN 

360-2K 

25.2 

25.4 

49.4 

0.99 

0.130 

3.53x1 05 

1.40xl05 

C-KCN 

362-3K 

25.3 

25.3 

49.4 

1.00 

0.085 

l.OlxlO6 

4.65  xlO4 

D-KCN 

362-4K 

25.3 

25.4 

49.3 

1.00 

0.126 

4.63  xlO5 

1.24xl05 

C-KCN 

363-3K 

25.3 

25.5 

49.2 

0.99 

0.084 

9.10xl05 

5.77x1 04 

D-KCN 

363-4K 

25.4 

25.5 

49.1 

1.00 

0.115 

6.80xl05 

9.89xl04 

C-KCN 

364-3K 

25.2 

25.6 

49.2 

0.98 

0.089 

1.06xl06 

4.91xl04 
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Figure  4. 1    Droplet  structures  on  an  as-grown  Cu-rich  CuInSe2  film:  T  =  350  °C, 
[Cu]/[In]  =  1.03. 


Cu,  In,  Se  (Vapor) 


VVVVVVVYV 


CuSe  (Liquid) 


Figure  4.2    Schematic  structure  of  a  growing  Cu-rich  CIS  thin  film  based  on  the  vapor- 
liquid-solid  model. 
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Figure  4.3    SEM  images  of  different  regions  on  the  surface  showing  an  apparent 
difference  in  grain  size  in  (a)  matrix  region  and  (b)  droplet  region. 


Figure  4.4   Droplet  structures  on  an  as-grown  Cu-rich  CuInSe2  film  with  annealing:  T 
450  °C,[Cu]/[In]  =1.03. 
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CuSe 


CuSe  layer 


(a) 


(b) 


Figure  4.5    Schematics  of  sample  structures:  (a)  without  the  CuSe  layer;  control  sample, 
(b)  with  the  CuSe  layer. 
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SEI  5.0kV      X20.000        Ipm        WD  13.2mm 


(a)  Sample  362-4K 


Figure  4.6    Cross-sectional  SEM  images  of  CuInSe2  films:  (a)  annealed  without  the 
copper  selenide  layer  on  the  top  of  the  CuInSe2  layer. 
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SEI  5.0kV      X20,000        1/mi       WD  12.5mm 


(b)  Sample  362-3K 


Figure  4.6   Cross-sectional  SEM  images  of  the  CuInSe2  films:  (b)  annealed  with  the 
copper  selenide  layer.  Both  samples  were  treated  with  KCN  solution  to  selectively 
remove  the  copper  selenide  layer  after  annealing. 
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(a)  Sample  363-4K 

Figure  4.7    Cross-sectional  SEM  images  of  CuInSe2  films:  (a)  annealed  without  the 
copper  selenide  layer  on  the  top  of  the  CuInSe2  layer. 
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SEI  5.0kV      X20.000        1jtmi        WD  13.0mm 


(b)  Sample  363-3K 


Figure  4.7    Cross-sectional  SEM  images  of  the  CuInSe2  films:  (b)  annealed  with  the 
copper  selenide  layer.  Both  samples  were  treated  with  KCN  solution  to  selectively 
remove  the  copper  selenide  layer  after  annealing. 
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Figure  4.8    CIS  (112)  diffraction  peaks:  (a)  annealed  at  approximately  450  °C  without 
selenium  overpressure.  The  sample  359-8K  was  not  annealed.  The  sample  362-3K  and 
363-3K  were  annealed  with  the  copper  selenide  layer,  while  sample  362-4K  and  363-4K 
were  annealed  without  the  copper  selenide  layer.  All  the  samples  were  treated  by  KCN 
to  selectively  remove  the  copper  selenide  after  annealing. 
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Figure  4.8    CIS  (112)  diffraction  peaks:  (b)  same  temperature  condition,  but  with 
selenium  overpressure.  The  sample  359-8K  was  not  annealed.  The  sample  362-3K  and 
363-3K  were  annealed  with  the  copper  selenide  layer,  while  sample  362-4K  and  363-4K 
were  annealed  without  the  copper  selenide  layer.  All  the  samples  were  treated  by  KCN 
to  selectively  remove  the  copper  selenide  after  annealing. 
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Figure  4.9    CIS  (204)/(220)  diffraction  peaks:  (a)  annealed  at  approximately  450  °C 
without  selenium  overpressure.  The  sample  359-8K  was  not  annealed.  The  sample  362- 
3K  and  363-3K  were  annealed  with  the  copper  selenide  layer,  while  sample  362-4K  and 
363-4K  were  annealed  without  the  copper  selenide  layer.  All  the  samples  were  treated  by 
KCN  to  selectively  remove  the  copper  selenide  after  annealing. 
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Figure  4.9    CIS  (204)/(220)  diffraction  peaks:  (b)  same  temperature  condition,  but  with 
selenium  overpressure.  The  sample  359-8K  was  not  annealed.  The  sample  362-3K  and 
363-3K  were  annealed  with  the  copper  selenide  layer,  while  sample  362-4K  and  363-4K 
were  annealed  without  the  copper  selenide  layer.  All  the  samples  were  treated  by  KCN 
to  selectively  remove  the  copper  selenide  after  annealing. 
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Figure  4.10   XRD  peak  areas:  (a)  annealed  at  approximately  450  °C  without  selenium 
overpressure.  The  sample  359-8K  was  not  annealed.  The  sample  362-3K  and  363-3K 
were  annealed  with  the  copper  selenide  layer,  while  sample  362-4K  and  363-4K  were 
annealed  without  the  copper  selenide  layer.  All  the  samples  were  treated  by  KCN  to 
selectively  remove  the  copper  selenide  after  annealing. 
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Figure  4. 1 0   XRD  peak  areas:  (b)  same  temperature  condition,  but  with  selenium 
overpressure.  The  sample  359-8K  was  not  annealed.  The  sample  362-3K  and  363-3K 
were  annealed  with  the  copper  selenide  layer,  while  sample  362 -4K  and  363-4K  were 
annealed  without  the  copper  selenide  layer.  All  the  samples  were  treated  by  KCN  to 
selectively  remove  the  copper  selenide  after  annealing. 
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CHAPTER  5 

EPITAXIAL  GROWTH  OF  CUINSE2  AND  CUGASE2  FILMS  ON  SINGLE 

CRYSTALLINE  GAAS  SUBSTRATE  USING  A  MIGRATION  ENHANCED 

EPITAXY  REACTOR 

5.1    Introduction 

This  chapter  presents  preliminary  results  on  the  epitaxial  growth  of  CuInSe2  (CIS)  and 
CuGaSe2  (CGS)  films.  While  there  have  been  several  studies  of  the  growth  mechanism 
of  CuInSe2  films,  it  is  still  not  fully  understood  in  part  due  to  complex  phase  evolution 
and  defect  chemistry  in  that  material  system.  The  Cu(In,Ga)Se2  (CIGS)-based  solar  cells 
are  known  to  produce  high  efficiency  when  grown  by  a  number  of  techniques  (Devaney 
1990,  Bodegard  1995,  Cahen  1989).  The  mechanism  responsible  for  the  improvements, 
however,  are  not  fully  understood.  It  has  been  difficult  to  produce  samples  in  a 
completely  reproducible  way.  To  accurately  identify  the  effects  of  process  parameters 
and  defect  chemistry  on  the  device  performance,  one  must  first  grow  high  quality  films 
reproducibly.  For  example,  the  inconsistent  effect  from  grain  boundaries  needs  to  be 
eliminated  or  at  least  minimized  to  investigate  the  relationship  between  the  electrical 
properties  and  the  process  parameters.  The  best  approach  of  preparing  such  high  quality 
CIS  and  CGS  fims  is  to  grow  the  films  epitaxially  on  a  single  crystalline  substrate,  such 
as  a  GaAs  wafer. 

In  addition  to  the  above  reasons,  the  need  for  single  crystalline  CIGS-based  solar  cells 
are  growing  due  to  its  potential  for  a  tandem  solar  cell  structure.  The  concept  of  the 
tandem  solar  cell  has  been  explored  during  the  last  decade.  The  structure  consists  of 
double  junctions  that  have  different  energy  band  gaps.  The  single  crystalline  CGS  film  is 
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considered  as  a  suitable  candidate  for  the  absorber  layer  of  the  top  junction,  and  the 
single  crystalline  CIS  film  is  for  the  bottom  junction.  The  double  junction  structure  will 
improve  the  overall  energy  conversion  efficiency  over  single  junction  structure  solar 
cells.  CGS-based  solar  cell  with  its  higher  band  gap  (1 .68  eV)  would  be  advantageous 
for  module  performance  because  of  the  reduced  current  densities  (Nadenau  2001).  Along 
with  the  super-high  energy  conversion  efficiency,  the  stable  and  radiation-resistant 
characteristics  of  the  CIGS-based  solar  cells  is  attractive  for  space  applications.  The 
rationale  of  developing  a  process  for  the  single  crystalline  CGS  and  CIS  recently  is 
compelling. 

Focus  of  this  dissertation  is  on  growing  epitaxial  films  of  CIS  and  CGS  on  (001)  GaAs 
wafers.  The  preliminary  results  are  promising,  and  are  presented  in  this  chapter. 

Previous  work  (Stanbery  1999,  Stanbery  2002)  showed  that  the  migration  enhanced 
epitaxy  (MEE)  reactor  could  be  used  to  grow  epitaxial  films  of  the  ternary  compound 
CuInSe2  on  (001)  GaAs.  The  films  were  ordered  in  a  CuAu  crystallographic  structure 
rather  than  more  commonly  observed  equilibrium  chalcopyrite  structure.  The  film 
growth  mode  was  believed  to  be  a  3-D  Stranski-Krastanov.  Various  characterization 
methods  such  as  XRD,  TEM-TED,  and  Raman  scattering  were  used  to  support  this 
conclusion.  The  results  of  this  study  are  consistent  with  the  previous  work  and  show  that 
the  film  composition  and  the  growth  temperature  are  the  most  important  factors  for 
determination  of  the  film  structure  and  quality. 

5.2    Experiments 

The  migration  enhanced  epitaxy  (MEE)  described  in  Chapter  1  was  used  in  this  study. 
The  substrates  were  polished  semi-insulating  GaAs  wafers  oriented  2°  off  the  (001)  plane 


85 


86 

toward  the  nearest  [110]  axis.  The  GaAs  substrates  were  etched  with  a  5:1:1  mixed 
solution  of  H2SO4:  H2O2:  H2O  at  room  temperature  for  2  minutes.  De-ionized  water  and 
methanol  were  then  used  to  rinse  the  etched  GaAs  substrates.  The  substrates  were 
immediately  put  in  the  load  lock  after  the  cleaning  step,  and  the  load  lock  was  pumped  to 
1x10'  Torr  by  a  turbo-molecular  pump  to  minimize  oxidation  of  the  cleaned  substrates. 
The  substrates  were  then  transferred  into  the  main  MEE  chamber  and  placed  on  substrate 
holders.  The  pressure  of  the  main  chamber  was  maintained  using  a  diffusion  pump. 
Heating  and  rotation  of  the  platen/substrates  began  at  the  same  time,  just  after  the  sample 
transfer  step.  When  the  temperature  reached  a  stable  set  point,  the  rotation  of  the  platen 
stopped  to  locate  the  GaAs  substrate  beneath  the  radiation  heater  for  annealing.  The 
substrate  stays  in  that  position  for  10  minutes,  which  heats  the  substrate  to  just  over  700 
°C.  The  rotation  of  the  platen  is  resumed  to  give  a  uniform  heat  distribution  through  a 
revolution  cycle.  According  to  a  thermal  model  of  the  MEE  system  (Chapter  6), 
maximum  temperature  change  during  a  cycle  is  less  than  10  °C,  and  the  temperature 
uniformity  within  a  substrate  region  is  <  5  °C.  This  result  fulfills  the  temperature 
uniformity  requirement  for  the  substrate  region  during  the  deposition  process. 

The  steady-periodic  temperature  of  the  substrate  during  the  deposition  process  was 
varied  during  different  stages  of  growth.  A  multiple  temperature  growth  process  was 
employed  to  optimize  the  epitaxial  growth  conditions  (Figure  1).  To  enhance  the  initial 
nucleation  reaction,  a  rather  low  growth  temperature  (~450±30  °C)  was  used  for  the  first 
ten  monolayers  of  the  CIS  and  CGS  films.  The  temperature  was  then  ramped  up  to 
500±30  °C  and  maintained  at  that  temperature  until  the  film  thickness  reaches  50  nm  to 
improve  the  surface  migration  of  the  adsorbed  atoms.  Finally,  the  substrate  temperature 
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was  lowered  to  450130  °C  to  grow  a  meta-stable  phase  of  the  film  with  a  low  density  of 
dislocation.  The  growth  rate  was  maintained  at  a  low  value,  around  0.5  A/s,  to  maximize 
the  surface  migration  and  epitaxial  growth.  This  was  also  required  because  of  the  metal 
flux  limited  by  Se  evaporation  as  discussed  in  Chapter  1 .  Final  film  thickness  is 
approximately  0.45  urn.  Absolute  total  flux  calibration  was  employed  to  set  the  average 
Se/(Cu+(In  or  Ga))  molar  flux  ratio  to  an  approximate  value  of  5,  of  course  this  ratio 
varied  between  0  and  5  during  growth.  The  rotation  rate  of  the  substrate  on  the  platen 
was  set  to  be  20  rpm  or  3  sec/cycle  through  the  entire  process.  Overall  composition  of 
the  films  was  measured  using  inductively  coupled  plasma  (ICP)  technique.  Table  5.1 
shows  exact  process  conditions. 

5.3    Results  and  Discussion 

Previous  work  of  our  research  group  (Stanbery  1999,  2002)  reported  an  expitaxial 
growth  of  CuInSe2  films  on  (001)  GaAs.  The  film  structure  exhibited  distinct  coexisting 
domains  of  both  a  non-equilibrium  crystallographic  structure  characterized  by  CuAu 
(CA)  cation  ordering,  and  the  compound's  equilibrium  chalcopyrite  (CH)  structure.  The 
films  of  the  chalcopyrite  phase  of  CuInSe2  deposited  by  MEE  onto  (OOl)-oriented  GaAs 
substrates  were  found  to  continue  the  (001)  orientation  of  the  substrate,  consistent  with 
other  reports  of  growth  by  conventional  MBE  (Niki  1993).  Under  certain  growth 
conditions,  however,  the  films  were  also  found  to  contain  domains  of  the  CA-ordered 
structure.  Evidence  for  this  film  structure  was  provided  using  XRD,  TEM-TED,  and 
Raman  scattering  data.  The  film  growth  mode  was  believed  to  be  a  3-D  Stranski- 
Krastanov.  It  was  also  reported  that  strongly  oriented  ordering  of  the  island  arrays  occurs 
only  in  the  case  of  nonstoichiometric  Cu-rich  composition. 
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Epixially  grown  films  on  (001)  GaAs  from  this  study  shows  very  consistent  features 
with  the  previous  work.  It  was  observed  that  Cu-rich  CuInSe2  and  CuGaSe2  samples 
grown  on  (001)  GaAs  have  3-D  island  arrays  that  are  highly  oriented  and  textured  in 
[1 10]  direction.  The  SEM  and  AFM  images  in  Figure  5.2  to  5.6  depict  the  surface 
morphology  of  Cu-rich  CuInSe2  and  CuGaSe2  films  grown  on  (001)  GaAs.  The  same 
films  grown  on  molybdenum-coated  glass  (Figure  5.2  (b)  and  5.5  (b))  do  not  show  any 
texture  or  specific  growth  direction  on  its  surface.  AFM  images  (Figure  5.4)  more  clearly 
show  a  textured  structure  of  the  surface  morphology. 

It  is  well  known  that  a  Cu-rich  composition  results  in  the  formation  of  a  secondary 
phase,  CuxSe,  on  the  surface  of  the  film  and  at  the  grain  boundaries.  The  CuxSe  plays  an 
important  role  in  grain  growth  mechanism  of  the  CIGS-based  materials  (Rockett  1994, 
Klenk  1993).  The  existence  of  copper  selenide  during  the  CIS  film  growth  process 
increases  the  grain  size  and  consequently  improves  the  electrical  properties  of  the  film 
and  the  final  device  (see  Chapter  4).  Some  researchers  hypothesized  that  the  CuxSe 
exists  as  a  liquid-like  phase  at  growth  temperature  and  enhances  transport  of  the  reactants 
from  vapor  phase  into  the  surface  of  growing  CIS  phase  (Klenk  1993,  Turtle  1995).  The 
existence  of  the  CuxSe  phase  was  reported  to  lead  to  higher  crystalline  quality  (Niki 
2002).  Chapter  4  of  this  dissertation  also  demonstrates  the  positive  effect  of  CuSe  on 
grain  size  and  crystalline  quality  of  polycrystalline  CuInSe2  films.  It  is  plausible  that  the 
CuxSe  plays  a  similar  role  in  epitaxially  grown  films. 

From  the  previous  work,  a  morphological  distinction  was  found  between  the  Cu-rich 
and  indium-rich  samples.  The  CuInSe2  samples  grown  on  (001)  GaAs  exhibited  the  film 
+  island  structure  characteristic  of  Stranski-Krastonov  mode  growth.  The  Cu-rich  islands 
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were  highly  facetted  with  their  longer  axis  oriented  parallel  to  the  ripples  that  form  on  the 
epilayer  along  the  [110]  direction.  This  specific  surface  morphology  of  the  Cu-rich  films 
was  considered  a  strong  indication  of  textured  structure  or  epitaxial  growth  of  the  films. 
The  result  of  this  study  shows  that  the  oriented  and  facetted  surface  morphology  is  found 
from  both  Cu-rich  CuInSe2  and  Cu-rich  CuGaSe2  films  grown  on  (001)  GaAs.  Figures 
5.2,  5.5,  and  5.6  clearly  show  that  the  islands  on  the  surface  are  oriented  with  [110] 
direction  and  are  highly  facetted. 

A  series  of  diffraction  peaks  at  29  =  {15.45°,  30.93°,  47.19°,  64.17°}  were  tentatively 
assigned  to  the  (001),  (002),  (003),  and  (004)  reflections  the  Cu-Au  (CA)  in  structure  in 
the  previous  study  (Stanbery  1999).  These  peaks  have  been  repeatedly  detected  on  Cu- 
rich  CuInSe2  films  in  this  study.  The  sample  CIS  350  showed  prominent  peaks  at  31.01° 
and  64.20°,  which  are  tentatively  assigned  to  (002)  and  (004)  reflections  of  the  CA 
structure  (Figure  5.8).  Slightly  Cu-rich  ([Cu]/[In]  -1.1)  samples  tend  to  prominently 
show  the  characteristics  of  the  CA  structure.  In  contrast,  the  indium-rich  films  do  not 
show  any  indication  of  epilayer  or  textured  structure.  From  XRD  study  on  the  indium- 
rich  sample  (see  Figure  5.7),  all  the  peaks  detected  are  assigned  to  those  of 
polycrystalline  chalcopyrite  structure.  These  results  indicate  that  the  [Cu]/[In]  atomic 
ratio  is  an  important  factor  in  determining  the  structure  of  the  films  grown  on  (001)  GaAs 
substrate. 

As  pointed  out  above,  the  Cu-rich  CuInSe2  and  CuGaSe2  films  grown  on  (001)  GaAs 
are  characterized  with  a  surface  morphology  of  3-D  Stranski-Krastanov  growth  mode.  A 
mixture  of  very  uniform  background  region  and  facetted  islands  were  observed  from  the 
SEM  and  AFM  images.  From  EPMA  results,  it  was  found  that  there  is  a  compositional 
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distinction  between  the  islands  and  the  background  region  of  the  films.  Table  5.2  shows 
the  detailed  compositional  variation  for  samples  CIS  350  and  CGS  353.  For  as-grown 
CIS  350  and  CGS  353,  the  atomic  ratio  [Cu]/[III]  of  the  background  was  almost  unity. 
The  [Cu]/[In]  atomic  ratio  of  the  island  region  was  much  larger  than  unity,  consistent 
with  a  phase  segregation  during  the  growth  process.  The  composition  of  each  region  was 
measured  again  after  KCN  treatment  for  the  films.  KCN  solution  is  known  to  selectively 
remove  CuxSe  phase.  The  composition  of  the  island  region  dramatically  changed  to 
stoichiometric  or  slightly  indium-rich,  while  the  composition  of  the  background  region  is 
essentially  unchanged.  This  result  obviously  indicates  that  the  CuxSe  segregated  at  the 
islands  during  the  growth.  SEM  images  of  CIS  350  before  and  after  the  KCN  treatment 
(see  Figures  5.3  and  5.1 1)  show  that  the  grains  at  the  island  deformed  and  their  size 
became  smaller,  while  no  change  is  observed  for  the  background  region.  Change  in  CGS 
353  (Figure  5.6  and  5.12)  is  even  more  noticeable.  Besides  the  compositional  distinction, 
it  is  believed  that  there  is  a  structural  difference  between  the  background  region  and  the 
island  region.  This  was  partly  revealed  from  the  previous  study  (Stanbery  1999).  Further 
study  is  needed  to  investigate  the  structural  distinction  between  those  different  regions 
and  a  related  mechanisms  of  epitaxial  growth. 

A  theoretical  calculation  for  the  crystallographic  structure  of  the  epitaxailly  grown 
CuGaSe2  is  being  conducted  to  investigate  its  film  structure  and  to  assign  the  detected 
XRD  peaks.  A  more  extensive  study  is  being  continued  to  establish  detailed  process 
parameters  and  analysis  methods  as  well  as  to  improve  the  quality  of  the  epitaxially 
grown  films. 
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5.4    Conclusions 

In  this  chapter,  preliminary  results  of  epitaxial  growth  of  CuInSe2  and  CuGaSe2  on 
(001)  GaAs  substrate  are  presented.  From  previous  work  of  our  research  group,  it  was 
possible  to  grow  epitaxial  CuInSe2  films  on  GaAs  (001).  Under  certain  conditions,  the 
crystalline  structure  of  the  films  was  found  to  be  Cu-Au  (CA)  structure  rather  than  the 
more  commonly  observed  chalcopyrite  (CH)  structure  for  CuInSe2  phase.  In  this  study, 
results  show  that  the  crystalline  structure  and  quality  strongly  depends  on  the  film 
composition  (i.e.,  [Cu]/[III]  atomic  ratio).  X-ray  diffraction  spectra  show  that  CA  peaks 
are  present  for  the  Cu-rich  CuInSe2  films.  The  Cu-rich  films  are  also  characterized  with 
the  surface  morphology  of  3-D  Stranski-Krastanov  growth  mode.  A  uniform  background 
region  co-exists  with  a  facetted  island  region.  SEM  and  AFM  results  revealed  that  the 
Cu-rich  CuInSe2  films  have  highly  oriented  array  of  islands  on  their  surface  and  those 
islands  are  facetted,  and  with  a  textured  background  region  lies  with  or  beneath  those 
islands.  This  specific  surface  morphology  seems  to  be  an  indication  of  epitaxial  growth 
or  textured  structure  of  the  films,  from  both  the  previous  and  the  new  study.  It  is 
believed  that  Cu-rich  composition  has  positive  effect  on  the  crystalline  structure  and 
quality  of  the  epitaxially  grown  films.  In  contrast,  indium-rich  CuInSe2  films  showed 
characteristics  of  poly  crystalline  structure  rather  than  epitaxial  or  textured  structure.  It 
was  found  that  there  is  a  structural  and  compositional  distinction  between  the  islands  and 
the  background  region  of  the  Cu-rich  films.  More  extensive  study  is  being  performed  to 
establish  detailed  process  parameters  and  analysis  methods  as  well  as  to  improve  the 
quality  of  the  epitaxially  grown  films. 
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Table  5.1    Process  conditions  for  CIS  and  CGS  film  growth. 


Sample  ID 

CIS  350 

CIS  352 

CGS  353 

CIS  354 

CGS  355 

CIS  367 

Film 

CuInSe2 

CuInSe2 

CuGaSe2 

CuInSe2 

CuGaSe2 

CuInSe2 

Temperature  (°C) 

(1)400±30 

(2)450±30 

450130 

450130 

450130 

(2)450130 

Pressure  (Torr) 

~5xl  (T8 

~5xl  0-8 

~5xl  0"8 

-5x1 0"8 

-5x1 0-8 

-5x1 0-8 

Rotation  rate 

12  rpm 

12  rpm 

12  rpm 

12  rpm 

12  rpm 

12  rpm 

Rotation  direction 

(3)CCW 

CCW 

CCW 

CCW 

CCW 

CCW 

Growth  rate  (A/s) 

0.62 

0.61 

0.45 

0.55 

0.42 

0.45 

[Cu]/[III]  (ICP) 

1.15 

1.15 

1.29 

0.97 

1.09 

1.09 

(,)Multiple  temperature  setting:  400  °C  -»450  °C  (at  10  monolayers  of  film)  ->400  °C  (at 
50nmofCISorCGS) 

'Multiple  temperature  setting:  450  °C  ->500  °C  (at  10  monolayers  of  film)  -»450  °C  (at 
50nmofCISorCGS) 
(3)CCW :  Counter-clockwise 
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Table  5.2    Compositional  variation  of  samples  CIS  350  and  CGS  353  as  determined  by 
EPMA. 


Bel 

"ore  KCN  treatment 

Cu  (%) 

In  (%) 

Ga  (%) 

Se  (%) 

FCul/fini 

CIS  350  Background 

24.51 

24.36 

0 

50.13 

1.05 

CIS  350  Island 

44.92 

9.88 

0 

44.79 

4.55 

CGS  353  Background 

22.43 

0 

25.59 

51.98 

0.88 

CGS  353  Island 

57.86 

0 

1.48 

40.65 

39.1 

After  KCN  treatment 

Cu  (%) 

In  (%) 

Ga  (%) 

Se  (%) 

rcui/mn 

CIS  350  Background 

25.12 

25.14 

0 

49.73 

1.00 

CIS  350  Island 

24.65 

25.27 

0 

50.08 

0.98 

CGS  353  Background 

20.3 

0 

27.34 

52.36 

0.74 

CGS  353  Island 

25.56 

0 

23.38 

51.06 

1.09 
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Substrate  Temperature 
(Tsub) 


At  50  nm  of  film 


500  °C 
450  °C 


1 


7        V 


10  monolayers  of  film 


Deposition  Time 

Figure  5.1    Multiple  temperature  growth  schedule:  nucleation  at  a  lower  TSUb,  enhanced 
surface  migration  using  a  higher  TSUb,  subsequent  growth  at  a  lower  Tsub  to  grow  meta- 
stable  phase  with  low  dislocation  density. 
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(a) 


£*£■* 


(b) 


Figure  5.2    SEM  images  of  CuInSe2  (CIS  350):  atomic  ratio,  [Cu]/[In]  =  1.16,  (a)  grown 
on  (001)  GaAs  (x3000),  (b)  grown  on  Mo-coated  soda  lime  glass  (x3000). 
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(a) 


(b) 

Figure  5.3    SEM  images  of  CuInSe2  (CIS  350)  grown  on  (001)  GaAs:  atomic  ratio, 
[Cu]/[In]  =  1.16,  (a)  dark  background  area  of  Figure  5.2  (a)  (x20000),  (b)  bright  island 
area  of  Figure  5.2  (a)  (x20000). 
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(a) 


(b) 

Figure  5.4   AFM  images  of  CuInSe2  (CIS  350)  grown  on  (001)  GaAs:  atomic  ratio, 
[Cu]/[In]  =  1.16,  (a)  10*1x10*1,  (b)  5*1x5*1. 
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(a) 


t".U  >.•  Z' 


(b) 

Figure  5.5    SEM  images  of  CuGaSe2  (CGS  353):  atomic  ratio,  [Cu]/[In]  =  1.29,  (a) 
grown  on  (001)  GaAs  (x3000),  (b)  grown  on  Mo-coated  soda  lime  glass  (x3000). 
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(a) 


(b) 

Figure  5.6    SEM  images  of  CuGaSe2  (CGS  353)  grown  on  (001)  GaAs:  atomic  ratio, 
[Cu]/[In]  =  1.29,  (a)  plain  view  (x20000),  (b)  side  view  (x20000). 
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Figure  5.7   XRD  0-20  scan  diffraction  data  of  CuInSe2  film  (CIS  354)  grown  on  (001) 
GaAs:  atomic  ratio,  [Cu]/[In]  =  0.97. 
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Figure  5.8    XRD  6-29  scan  diffraction  data  of  CuInSe2  film  (CIS  350)  grown  on  (001) 
GaAs:  atomic  ratio,  [Cu]/[In]  =  1.15. 
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Figure  5.9   XRD  9-20  scan  diffraction  data  of  CuGaSe2  film  (CGS  353)  grown  on  (001) 
GaAs:  atomic  ratio,  [Cu]/[In]  =  1 .29. 
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Figure  5.10   XRD  0-20  scan  diffraction  data  of  CuGaSe2  film  (CGS  355)  grown  on 
(001)  GaAs:  atomic  ratio,  [Cu]/[In]  =  1.09. 


103 


104 


(a) 


(b) 

Figure  5.1 1    SEM  images  of  CuInSe2  (CIS  350)  grown  on  (001)  GaAs  after  KCN 
treatment,  (a)  background  area  (x20000),  (b)  island  area  (x20000). 
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(a) 


(b) 

Figure  5.12    SEM  images  of  CuGaSe2  (CGS  353)  grown  on  (001)  GaAs  after  KCN 
treatment:  atomic  ratio,  [Cu]/[In]  =  1.29,  (a)  plain  view  (x20000),  (b)  side  view  (x20000). 
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CHAPTER  6 

THERMAL  MODELING  OF  A  ROTATING  PLATEN  AND  SUBSTRATE  IN  A 

MIGRATION  ENHANCED  EPITAXY  REACTOR 

6.1    Introduction 

The  uniformity  of  the  temperature  distribution  in  a  deposition  reactors  is  crucial  to  the 
successful  growth  of  thin  films,  a  specially  when  the  heat  flux  is  not  constant  through 
time  and  position.  The  temperature  is  typically  measured  at  a  few  locations,  and  it  is 
difficult  to  obtain  the  entire  temperature  profile  over  a  large  area.  Achieving  a  direct 
temperature  measurement  is  particularly  challenging  when  dealing  with  moving 
substrates.  As  an  effort  to  resolve  this  issue,  numerical  modeling  can  often  be  an 
alternative  approach. 

In  this  work,  a  modified  molecular  beam  epitaxy  reactor  was  used  for  depositing 
CuInSe2  thin  films  used  as  an  absorber  layer  for  thin  film  solar  cells  (Stanbery  2002). 
The  system  is  equipped  with  a  rotating  tungsten  platen  on  which  nine  substrates  can  be 
loaded.  The  rotational  motion  of  the  platen  delivers  each  substrate  to  the  deposition 
zones  and  to  a  heating  zone  sequentially  and  periodically.  As  a  result,  the  platen  and  the 
substrates  are  locally  heated  and  cooled  with  a  given  periodicity.  The  rotational  motion 
of  the  platen  and  the  various  heat  sources  define  a  significant  temperature  gradient  on  the 
platen  and  the  substrate  regions.  This  problem  needs  to  be  dynamically  treated  due  to  the 
periodical  change  of  all  conditions  with  respect  to  time.  Moreover,  direct  temperature 
measurement  during  deposition  runs  is  virtually  impossible  due  to  the  rotational  motion 
of  the  platen  and  the  complex  structures  inside  the  reactor.  These  specific  limitations 
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create  significant  complexities  in  the  problem.  A  two-dimensional  model  of  the  heat 
transfer  on  the  platen  and  the  substrate  regions  is  developed  to  investigate  the  nature  and 
extent  of  the  temperature  profiles  developed  on  the  platen  and  substrates. 

6.2    Experiments 

The  photo voltaics  research  group  at  the  University  of  Florida  has  developed  a 
migration-enhanced  epitaxial  growth  (MEE)  system  for  growing  CuInSe2-based  absorber 
layers  for  solar  cell  applications  (Stanbery  2002).  It  is  a  variant  of  the  classical  molecular 
beam  epitaxy  (MBE)  system  where  an  ultra  high  vacuum  (UHV)  environment  and 
effusion  cells  are  employed  to  generate  the  molecular  beam  fluxes  of  all  the  elemental 
sources  (Cu,  In,  Ga,  Se,  and  S).  In  the  contrast  with  a  typical  MBE  system,  the  MEE 
system  is  capable  of  accommodating  up  to  nine  substrates  positioned  on  a  large  rotating 
platen.  Another  unique  feature  of  the  system  is  the  sequential  deposition  of  each  source 
through  a  revolution  of  the  platen,  rather  than  simultaneous  co-deposition  from  all  the 
sources  onto  a  substrate. 

The  MEE  system  is  divided  into  four  different  zones  as  shown  in  Figure  6.1,  namely,  a 
heater  zone,  a  metal  deposition  zone,  a  cooling  zone,  and  a  chalcogen  deposition  zone, 
which  are  encountered  by  any  given  substrate  as  the  platen  turns  in  the  counter  clockwise 
direction.  The  system  features  a  rotating  platen  that  delivers  the  substrates  to  all  the 
zones  sequentially  and  periodically.  An  electric  heater  is  located  in  the  heater  zone; 
hence,  the  substrates  and  the  platen  are  radiatively  heated  when  they  pass  through  that 
zone.  In  the  other  zones,  the  substrates  cool  slightly.  In  addition  to  the  electric  heater, 
the  Cu,  In,  and  the  Ga  effusion  cells  produce  a  radiative  heat  flux.  The  Se  source 
operates  at  a  low  temperature,  hence  its  contribution  to  the  heat  flux  is  negligible. 
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The  MEE  system  creates  an  ultra  high  vacuum  environment  and  generates  molecular 
beam  fluxes  of  the  elemental  sources.  The  base  pressure  can  be  maintained  as  low  as 
8xl0"9  Torr.  The  pressure  during  deposition  is  in  the  range  of  10"7  to  10"8  Torr  depending 
on  the  operating  conditions.  Heat  transfer  from  convection  can  be  ignored  since  the 
pressure  inside  the  reactor  is  very  low. 

Cu  and  In  effusion  cells  are  located  in  the  metal  deposition  zone.  Deposition  of  these 
metals  occurs  while  the  heated  substrates  pass  through  the  zone.  The  rotation  of  the 
platen  periodically  delivers  the  substrates  to  the  cooling  zone  (or  load-lock  zone)  where 
neither  deposition  nor  heating  occurs.  Finally,  the  substrates  enter  the  chalcogen 
deposition  zone  where  deposition  of  selenium  or  sulfur  occurs.  The  sequential  metal 
deposition,  cooling,  chalcogen  deposition  and  heating  steps  are  repeated  by  the  rotation 
of  the  platen.  A  cryogenic  shroud  located  below  the  platen  is  kept  at  a  very  low 
temperature  ( —  1 96  °C)  using  liquid  nitrogen.  The  direction  of  the  rotation  can  be  either 
clockwise  or  counter-clockwise  so  that  the  sequence  of  deposition  may  be  reversed. 

Note  that  the  thermocouple  is  located  in  the  gap  between  the  electric  heater  and  the 
platen  (Figure  6.2).  Due  to  the  rotational  motion  of  the  platen  and  the  substrates,  the 
thermocouple  cannot  be  attached  to  the  platen  or  the  substrates. 

The  actual  temperature  of  the  substrates  was  measured  using  a  remote  temperature 
logger,  which  is  powered  by  a  battery,  and  measures  the  substrate  temperature  and  stores 
the  temperature  measurement  in  its  own  memory.  This  device  was  installed  on  the 
rotating  platen,  and  the  thermocouple  contact  was  attached  to  the  center  of  a  substrate  so 
that  it  rotates  together  with  the  platen  and  the  substrates.  The  measurement  area  is 
limited  to  the  center  spot  of  a  substrate.  The  logger  and  its  stored  data  are  retrieved  after 
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a  growth  run  is  complete.  Details  of  the  device  design  and  the  experiment  procedure  are 
described  in  (Kincal  2002). 

6.3    Modeling  Equations  and  Strategy 
Under  low  pressure  conditions  of  the  reactor  (~10"8  Torr),  all  convection  effects  can  be 
neglected;  hence,  the  energy  balance  equations  for  the  domain  (platen  and  substrates)  are 

dT 


(x,  y)  Platen: 


Pmo  ^  pMo    -^      :   *Mo 


dt 


(  d2T      d2T^ 

7  + T 

dx2       dy2 


+  <lrad(x>y)        (6-1) 


(x,  y)  Glass  substrate:         PgcPg-r-  =  kg 


dT_ 
dt 


r82T      d2T^ 


+ 


dx2       dy2  J 


+  qraAx>y) 


(x,  y)  Thermal-break:         pth  C  b  —  =  klb 

dt 


(& 


2T\ 


d2T      d2T 
dx2  +  dy2  ) 


(6.2) 


(6.3) 


Boundary  conditions: 


(dT      dT) 
—  +  — 
dx       dy 


=  0  at  thermal  domain  boundaries     (6.4) 


Radiation  heat  flux  to  the  thermal  domain: 


from  the  main  heater: 


q^(^y)  =  FHa(T„4-T4) 


(6.5) 


4  rj.4- 


from  the  Cu  effusion  cell:        qrad(x,y)  =  FLu  cr(TCu-T4)  (6.6) 

from  the  In  effusion  cell:         qraJ(x,y)  =  F1"  (r(Tln4 -T4)  (6.7) 


from  the  cryo-shroud: 


4       T4> 


qrad(x,y)  =  F"cT(TCr-r)  (6.8) 


where  qrad  is  the  net  heat  flux  by  radiation,  T  is  the  absolute  temperature,  p  is  the  density, 
Cp  is  the  specific  heat,  k  is  the  thermal  conductivity,  <xis  Stefan-Boltzmann  constant,  and 
F  is  the  view  factor.  The  entire  domain  is  initially  at  room  temperature,  and  there  is  zero 
temperature  gradient  at  the  inner  and  the  outer  edge  of  the  platen  (6.4). 
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The  problem  requires  a  dynamic  solution  that  considers  the  periodic  effects  on  the  heat 
distribution  coming  from  the  rotation  of  the  platen.  A  convenient  approach  is  to  adopt 
time-varying  view  factors  with  respect  of  the  heat  sources.  This  makes  it  possible  to  keep 
the  domain  fixed.  In  other  words,  all  the  heating  and  the  cooling  sources  are  considered 
to  be  rotating  while  the  platen  is  considered  to  be  fixed  in  one  location.  For  each  heating 
or  cooling  source,  the  dimensionless  view  factors  between  a  pair  of  surface  elements  dAi 
and  dA2  that  face  each  other  can  be  calculated  from  the  equation, 
„  1    rrcos#.  cos#,   ,.  ,A 

F*  - ^fl^-^^  (69) 

and  the  surface  elements  dAl  and  dA2  are  joined  by  a  straight  line  of  length  d]2(Bird, 

1960).  The  line  makes  an  angle  61  with  the  normal  vector  to  dAt,  and  an  angle  62  with 

the  normal  vector  to  dA2.  If  the  domain  1  (platen  and  substrates)  is  divided  into  small 

regions,  the  view  factor  (the  fraction  of  radiation  leaving  a  heat  source  that  is  directly 

intercepted  by  each  divided  region),  can  be  also  calculated  for  each  small  region  by  the 

same  equation.  When  the  divided  region  approaches  to  an  infinitesimal ly  small  size, 

Equation  (9)  becomes 

„         1   rcostf,  cos6>2 

Fn  =-) jy^^  (6.10) 

since  the  integrated  values  are  kept  constant  within  the  infinitesimally  small  area.  The 
view  factors  are  calculated  over  the  entire  region  and  stored  in  tabular  form  in  a  file  as  a 
function  of  the  position  coordinates  (x,  y).  Therefore,  there  are  four  different  table  files 
for  the  heat  sources.  In  the  simulation  study,  the  dimensionless  view  factor  on  a  specific 
position  is  obtained  by  interpolating  the  values  in  the  corresponding  table  file.  When  the 
simulation  program  reads  the  data,  the  values  periodically  vary  with  time.  The  time 
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variable  is  converted  to  the  corresponding  position  parameters.  Figures  6.3  and  6.4 
depict  some  of  the  view  factors  on  the  platen  and  their  variation  with  respect  to  time. 

The  fact  that  the  measurement  of  temperature  is  indirect  and  only  at  a  single  point 
prevents  the  acquisition  of  information  on  the  temperature  uniformity.  A  single 
thermocouple  C-type  is  located  in  the  middle  of  the  gap,  between  the  heater  and  the 
moving  platen;  hence,  it  reads  some  average  temperature  of  the  heater  and  the  platen.  It 
does  not  give  full  information  about  the  temperature  distribution  on  the  substrates,  which 
makes  the  experimental  validation  of  the  simulation  result  difficult.  The  view  factors  on 
the  thermocouple  are  calculated  by  the  same  scheme  used  for  the  platen,  and  another  heat 
balance  equation  is  embedded  for  the  thermocouple.  Those  two  heat  balance  equations 
are  simultaneously  solved  with  the  time-varying  view  factors  in  the  simulation  so  that  the 
correlation  between  the  thermocouple  reading  and  the  actual  temperature  on  the  substrate 
surface  can  be  obtained. 

The  substrates  are  positioned  on  the  platen  and  held  in  place  by  gravity  during  the 
operation,  i.e.  the  thermal  contact  between  the  substrates  and  the  platen  is  poor;  hence,  a 
thin  thermal-break  region  of  very  low  thermal  conductivity  is  introduced  to  simulate  the 
contact  resistance.  The  effect  of  the  thermal-break  region  on  the  temperature  uniformity 
is  discussed  in  an  ensuing  section. 

Significant  simplification  is  obtained  by  assuming  black-body  radiation,  an 
assumption  that  is  not  likely  to  produce  significant  errors  since  the  distance  between  the 
simulated  objects  is  much  smaller  than  the  objects'  dimensions.  A  finite  element  solver 
is  used  for  solving  the  differential  equations. 
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6.4    Results  and  Discussion 

Figure  6.5  depicts  the  final  temperature  profile  as  it  changes  periodically  at  each 
revolution.  The  calculation  result  demonstrates  that  the  hottest  position  on  the  entire 
region  is  formed  when  the  substrate  exits  the  heating  zone,  i.e.  right  after  the  heating 
zone,  and  the  coldest  spot  is  formed  when  the  substrate  enters  the  heating  zone,  right  after 
the  cooling  period.  Figure  6.6  plots  the  temperature  along  the  centerline  of  the 
substrate/platen  region.  It  clearly  demonstrates  that  there  is  a  temperature  gradient  on  the 
domain  with  respect  to  the  angular  position.  The  average  temperature  of  the  substrate 
region  is  considerably  higher  than  that  of  the  tungsten  platen  region  because  the  position 
of  the  substrates  is  closer  to  the  center  line  of  the  platen.  In  addition,  a  sharp  change  of 
temperature  appears  at  the  boundary  between  those  regions,  which  is  caused  by  the  poor 
thermal  contact.  Figure  6.7  shows  the  temperature  profiles  on  a  substrate  with  and 
without  the  thermal  break-region.  The  thermal  contact  resistance  at  the  substrates-platen 
boundaries  clearly  improves  the  temperature  uniformity  on  the  substrate  region  since  its 
existence  reduces  the  heat  transfer  between  those  regions,  and  consequently  flattens  the 
temperature  gradient  around  the  edge  of  the  substrate.  The  imaginary  thermal-break 
region  is  made  to  have  lower  thermal  diffusivity  (k/pCp)  than  that  of  the  glass 

substrate.  It  is  demonstrated  in  Figure  6.7  that  the  lower  thermal  diffusivity  results  in 
more  uniform  temperature  profile  in  the  substrate  region. 

The  thermal-break  region  also  affects  the  pattern  of  the  temperature  profile  in  the 
substrate  region.  Figure  6.8  shows  that  the  temperature  profile  on  the  substrate  region 
has  a  somewhat  parallel  pattern  to  the  direction  of  the  rotation  when  the  thermal-break 
region  exists.  Due  to  the  design  of  the  heater  and  the  platen  (Figure  6.2),  the  view  factor 
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change  with  radial  direction  is  larger  than  that  with  angular  direction  (Figure  6.3(a)).  The 
thermal-break  region  forces  that  effect  to  remain  dominant  through  the  rotation  by 
reducing  the  heat  conduction  between  the  substrate  and  the  platen  regions.  Without  the 
thermal-break  region,  the  heat  conduction  becomes  significant  so  that  the  temperature 
pattern  of  the  substrate  region  becomes  almost  symmetrical  (Figure  6.8  (c)). 

A  lower  rotation  speed  of  12  rpm  creates  a  higher  temperature  gradient  through  a 
revolution  and  higher  temperature  non-uniformity  on  the  substrate  region.  In  other 
words,  the  difference  between  the  maximum  and  the  minimum  temperature  within  a 
substrate  region  is  larger  in  case  of  the  lower  rotation  speed.  Consequently,  the  highest 
temperature  on  the  substrates  increases  when  the  rotation  speed  decreases.  The  rotation 
speed  should  be  kept  above  a  certain  value  to  obtain  an  acceptably  uniform  temperature 
distribution. 

The  rotation  direction  does  not  make  any  noticeable  difference  except  that  the 
temperature  profile  is  now  symmetrically  reversed  with  respect  to  the  radial  direction 
since  the  effect  of  the  main  heater  is  dominant  in  the  heat  transfer,  compared  to  the  other 
heat  sources. 

The  model  predicts  that  the  maximum  temperature  difference  within  the  substrate 
region  is  at  most  10  °C,  and  that  the  temperature  variation  experienced  by  any  single 
substrate  throughout  a  complete  revolution  is  no  greater  than  10  °C  when  the  peak 
temperature  on  the  entire  domain  region  is  approximately  436  °C  and  the  corresponding 
thermocouple  reading  is  650  °C.  Such  temperature  variations  are  relatively  small  with 
respect  to  the  peak  temperature;  therefore,  the  substrate  temperature  can  be  considered  to 
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be  fairly  uniform  with  the  thermal  break-region.  The  uniformity  is  also  maintained  under 
lower  control  temperature. 

The  thermal  modeling  results  were  validated  first  by  comparison  to  the  temperatures 
measured  using  selected  eutectic  films  that  melt  at  specific  temperatures.  However,  the 
eutectic-film  technique  is  not  a  very  precise  method  to  calibrate  the  temperature  and  can 
estimate  only  the  highest  temperature  point  on  the  platen;  hence,  another  experimental 
validation  was  conducted  using  the  temperature  logger.  The  electronic  device  that 
measures  temperature  and  stores  the  data  was  installed  onto  a  substrate.  The  logger  and 
the  stored  data  are  retrieved  after  measurements.  Figure  6.9  displays  the  results,  showing 
that  fairly  good  agreement  is  obtained  considering  that  the  finite-element  model  includes 
no  model-fitting  parameters. 

6.5    Conclusions 

A  two-dimensional  model  of  the  heat  transfer  is  developed  for  a  rotating 
platen/substrates  in  a  molecular  beam  epitaxy  reactor.  Time-varying  view  factors  are 
calculated  to  solve  the  problem  dynamically  and  to  account  for  the  fact  that  the  platen 
rotates  at  a  given  angular  speed.  The  relationship  between  actual  temperature  on  the 
substrates  and  the  thermocouple  reading  was  also  modeled.  The  poor  thermal  contact 
between  the  platen  and  the  substrates  is  simulated  by  embedding  a  thin  thermal  break- 
region.  The  modeling  study  shows  that  the  existence  of  the  contact  resistance  thermally 
isolates  the  substrates  from  the  platen  to  improve  the  temperature  uniformity  in  the 
substrate  region.  The  effects  of  rotation  speed  and  rotation  direction  were  also 
investigated.  The  modeling  results  predict  the  temperature  distribution  in  the  substrate 
regions  to  be  fairly  uniform  under  certain  conditions.  Good  agreement  with  experimental 
validation  result  is  obtained  without  using  any  model-fitting  parameters. 
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Figure  6. 1    Schematic  top  view  of  the  migration  enhanced  epitaxy  reactor. 
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Figure  6.2    Schematic  structure  of  the  platen  and  the  control  thermocouple,  (a)  Top  view 
of  the  platen  showing  two  of  the  9  substrate-holders  and  the  position  of  the  heater,  (b) 
Cross-sectional  view  showing  the  mounting  of  the  heater  above  the  platen,  the  position  of 
a  thermocouple  in  the  open  gap,  and  the  position  of  a  glass  substrate  fitted  in  a  holder  that 
lies  in  an  incision  made  in  the  platen. 
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Figure  6.3    Time-varying  view  factors  between  the  main  heater  and  the  platen  at  20  rpm. 
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Figure  6.4    Time-varying  view  factors  for  the  main  heater  at  20  rpm. 
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Figure  6.5    Temperature  profile  on  the  platen/substrates:  thermocouple  reading  =  650  °C, 
rotation  speed  =  20  rpm  with  thermal-break  region. 
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Figure  6.6   Temperature  profile  along  the  angular  position:  thermocouple  reading  =  650 
°C. 
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Figure  6.7    Temperature  profile  along  the  radial  position  at  140°  with  and  without  a 
thermal-break  region:  thermocouple  reading  =  650  °C,  rotation  speed  =  20  rpm 
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(c)  Without  a  thermal-break  region 

Figure  6.8    The  effect  of  the  thermal-break  region  on  the  pattern  of  temperature  profile 
within  a  substrate  at  9  =  140°:  thermocouple  reading  =  650  °C,  rotation  speed  =  20  rpm 


122 


y 


s 

u 

£ 

a 

U 


600  t 


500- 


400- 


300- 


200- 


100- 


Eutectic  films 
HOBO  logger 
Model 


— i — 
300 


— i — 
400 


123 


— i — 

500 


— I — 
600 


700 


Thermocouple  reading  (°C) 


Figure  6.9    Comparison  of  the  modeling  result  to  the  experiment:  thermocouple  reading 
=  650  °C,  rotation  speed  =  20  rpm 
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CHAPTER  7 
FUTURE  WORK 

7.1    High  Temperature  X-ray  Diffraction 

In  Chapter  3  of  this  dissertation,  it  was  demonstrated  that  the  time-resolved  high 
temperature  X-ray  diffraction  provides  a  powerful  method  for  studying  the  reaction 
kinetics  and  pathways  of  CuInSe2  growth.  It  is  thus  suggested  to  further  study  the  growth 
kinetics  of  Cu(In,Ga)Se2-based  films  in  details  using  the  same  technique.  Several 
categories  are  suggested  in  the  following  sections. 
7.1.1    Study  of  Reaction  Kinetics  of  Binary  Phases  Formation 

In  a  Cu-(In,Ga)-Se  ternary  or  quaternary  system,  various  binary  and  ternary  phases 
can  be  present  and  transformed  into  many  different  phases  during  growth  processes.  It  is 
believed  that  growth  of  Cu(In,Ga)Se2  phase  is  controlled  by  reaction  of  multiple  binary 
phases,  such  as  CuSe,  CuxSe,  InSe,  and  In2Se3.  Revealing  the  reaction  kinetics  of 
formation  of  those  binary  phases  will  be  useful  for  the  entire  Cu(In,Ga)Se2-based 
research  area.  High  temperature  XRD  can  be  effectively  used  to  investigate  such 
phenomena  in  detail  as  demonstrated  in  Chapter  3.  For  example,  the  effects  from  the 
environment  (vacuum,  inert,  oxidizing,  and  deoxidizing)  and  the  temperature  conditions 
can  be  investigated.  Reaction  pathways  of  formation  of  each  binary  phase  can  also  be 
studied.  Apparent  activation  energy  and  kinetic  parameters  of  each  reaction  can  be 
estimated  using  the  HTXRD  technique. 

The  precursor  films  need  to  be  carefully  designed  to  investigate  specific  reaction 
kinetics.  The  diffusion  length  of  each  elemental  source  and  dimension  of  multiple 
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precursor  layers  should  be  considered  in  the  design.  Isothermal  analysis  can  be  used  to 
conduct  a  quantitative  study  on  reaction  kinetics.  Non-isothermal  approach  can  give 
useful  information  for  revealing  the  reaction  pathways.  The  process  parameters  and  the 
film  structures  can  be  optimized  to  grow  a  specific  phase  as  a  result  of  this  study. 
Likewise,  this  study  can  be  used  to  produce  the  phase  diagrams  for  the  binary  and  ternary 
systems.  Figure  7. 1  shows  some  possible  precursor  film  structures  considered  for  the 
study. 
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Figure  7. 1    Schematic  drawing  of  the  precursor  film  structures:  (a)  Cu/Se,  (b)  In/Se,  (c) 
Cu:Se. 

7.1.2    Reaction  kinetics  of  Cu(In,Ga)Se2  Formation  from  Precursor  Films 

The  study  outlined  in  Chapter  3  can  be  continued  for  the  gallium-containing 
Cu(In,Ga)Se2  material  system.  The  HTXRD  system  can  provide  various  environments 
for  the  samples,  such  as  vacuum,  air,  inert  (He),  oxidizing  (02),  and  reducing  (H2).  The 
effect  of  such  environments  can  be  studied  in  detail  through  the  HTXRD  study.  This 
HTXRD  study  preliminarily  demonstrated  the  positive  effect  of  low  pressure  conditions 
on  the  growth  of  CuInSe2  phase.  It  was  also  shown  that  the  reaction  pathways  of 
CuInSe2  formation  could  be  engineered  using  various  precursor  film  structures.  Many 
different  precursor  films,  such  as,  Cu/In/Se,  CuSe/InSe,  CuSe/In:Se,  InSe/Cu:Se, 
Cu:In:Se,  and  In2Se3/Cu2Se,  can  be  examined.  Replacing  the  indium  with  gallium  will 
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produce  another  series  of  experiment.  Sodium  effect  on  the  phase  evolution  and  the 
growth  mechanism  leading  to  a  final  phase  can  be  also  explored  through  the  HTXRD 
study. 

For  some  studies,  it  is  recommended  to  use  In2Se3  and  Cu2Se  phases  rather  than  InSe 
and  CuSe.  In2Se3  and  Cu2Se  phases  are  more  stable  so  that  they  can  be  grown  more 
reproducibly  and  homogeneity  of  the  films  may  be  superior. 
7.1.3    In-situ  Investigation  of  Grain  Growth  and  Epitaxy 

The  grain  growth  mechanism  of  Cu(In,Ga)Se2-based  thin  films  has  been  a  focus  of 
many  studies  since  the  grain  size  distribution  is  an  important  factor  to  the  solar  cell 
performance.  Most  of  the  studies  provided  only  ex-situ  analyses  results;  however,  an  ex- 
situ  study  may  not  replicate  the  detailed  grain  growth  mechanism  in  these  thin  films.  One 
of  the  best  approaches  may  be  in-situ  study  of  the  phenomena  using  time-resolved  high 
temperature  X-ray  diffraction  analysis,  where  direct  kinetic  measurements  from  the 
changes  in  the  XRD  data  with  time  during  heating  of  the  films  can  be  observed.  Careful 
analysis  of  the  in-situ  XRD  data  with  an  analysis  software  {e.g.,  JADE)  may  permit  a 
quantitative  investigation  on  the  grain  growth  kinetics. 

Chapter  4  of  this  dissertation  provided  insight  on  the  role  of  secondary  phases  on  the 
grain  growth  mechanism  of  CuInSe2  films.  Combined  with  the  HTXRD  technique,  the 
phenomena  can  be  in-situ  studied  to  give  more  detailed  results.  A  few  of  the  possible 
precursor  structures  are  given  in  Figure  7.2. 

The  first  structure  has  the  bottom  layer  of  a  nanocrystalline  CuInSe2  film  that  can  be 
grown  under  low  temperature  and  indium-rich  conditions.  The  top  layer  is  a  copper 
selenide  (CuSe)  phase.  While  the  precursor  structure  is  being  heated  isothermally  or  non- 
isothermally,  the  HTXRD  data  can  be  simultaneously  collected.  Time-resolved  phase 
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evolution  and  grain  growth  mechanism  can  be  detected  and  analyzed  through  the 
HTXRD.  The  second  structure  (Figure  7.2  (b))  is  a  simple  mixture  of  elemental  copper, 
indium,  and  selenium.  This  structure  can  be  grown  using  co-deposition  process  under 
very  low  or  room  temperature  condition.  The  atomic  [Cu]/[In]  ratio  should  be  carefully 
designed  to  investigate  its  effect  on  the  grain  growth  mechanism  for  both  precursor 
structures. 


CuSe 


Cu:In:Se 


Substrate 


(a) 


(b) 


Figure  7.2    Schematic  drawing  of  the  precursor  film  structures:  (a)  CuInSe2/CuSe,  (b) 
mixture  of  elemental  copper,  indium,  and  selenium. 

It  is  plausible  to  conduct  an  in-situ  study  of  epitaxial  growth  of  Cu(In,Ga)Se2-based 

thin  films  with  the  same  technique.  Very  thin  precursor  films  (<200  nm)  can  be  grown 

on  a  single  crystalline  substrate,  such  as  GaAs,  Si,  ZnTe,  and  SrF,  using  the  MEE  reactor. 

The  HTXRD  scanning  during  heating  the  samples  may  capture  the  rearrangement  of  the 

film  structure  and  the  transition  to  epitaxial  growth.  Specially,  it  may  be  possible  to 

detect  and  analyze  the  initial  nucleation  step  of  the  epitaxial  growth  process.  This  study 

may  give  us  valuable  information  of  important  factors,  e.g.,  process  parameters  and  role 

of  specific  phase  for  the  epitaxial  growth  process.  The  precursor  structures  on  the  single 

crystalline  substrate  should  be  grown  under  high  vacuum  and  well  preserved  until  the 

HTXRD  experiment  to  prevent  any  undesired  contamination.  The  growth  reactor  of  our 

research  group,  MEE,  and  the  HTXRD  is  an  ideal  combination  for  the  above  research 

topics. 
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7.2    Study  of  the  Relationship  between  Electrical  Properties  and  Surface  Phase  of 
CuIn(S,  Sc);  Thin  Films:  Engineering  of  Bandgap  and  Surface  Phase 

7.2.1    Background 

The  chalcopyrite  CuInSe2  is  a  promising  material  for  the  absorber  layer  in  solar  cells 
due  to  its  direct  band  gap  energy  of  1 .04  eV;  however,  a  wider  band  gap  is  desired  to 
enhance  the  cell  voltage  since  it  is  advantageous  for  the  series  integration  of  connected 
modules.  Another  reason  for  the  preference  of  a  wider  band  gap  material  is  that  1 .4e  V  is 
theoretically  optimal  value  for  a  single  junction  solar  cells  (Moller  1993).  The  ideal  band 
gap  can  be  achieved  by  substituting  S  in  CuInSe2  for  Se. 

It  is  still  a  challenging  topic  to  fabricate  a  sulfur-based  I-III-VI2  compound  absorber 
layer  due  to  its  very  low  carrier  (hole)  concentration,  despite  its  almost  perfect  match  of 
the  band  gap  to  the  ideal  value  (-1.4  eV).  The  origin  of  the  related  disadvantageous 
electrical  properties  and  the  fundamental  physics  are  not  well  understood.  Many 
experimental  results  show  that  the  activation  energies  of  the  acceptor  levels  shift  to 
higher  values,  and  the  acceptor  carriers  are  more  strongly  compensated  when  selenium  is 
substituted  by  sulfur.  It  seems  that  the  low  carrier  concentration  is  caused  by  the  higher 
activation  energy  for  formation  of  the  p-type  intrinsic  dopant  (hole)  and  strong 
compensation  in  the  sulfur-based  material.  Whether  this  is  related  to  preparation 
technology  or  intrinsic  material  properties,  however,  is  not  yet  clear. 

From  related  studies  it  is  well  known  that  as-grown  single  layer  of  indium-rich  CuInS2 
has  a  very  low  carrier  concentration.  It  seems  that  an  acceptable  carrier  concentration 
can  be  achieved  only  by  growing  Cu-rich  film  followed  by  etching  out  the  Cu-rich 
secondary  phases  with  KCN  (Scheer  1993).  However,  the  etching  process  is  not 
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appropriate  in  commercial  applications  due  to  its  high  toxicity.  The  etching  also  leaves 
deep  hole  at  the  surface  region,  and  it  may  be  detrimental  to  device  performance. 

From  many  experimental  results,  it  has  been  found  that  the  surface  region  of  In-rich 
chalcopyrite  films  is  covered  by  strongly  In-rich  secondary  phase  that  is  called  an  ordered 
defect  crystal  (ODC).  This  surface  phase  very  likely  plays  an  important  role  in 
determining  the  electrical  properties,  e.g.,  hole  concentration  in  the  junction  area.  A 
challenge  is  how  to  control  the  surface  phase  formation.  It  is  possible  that  engineering 
the  surface  phases  will  improve  the  electronic  properties  of  CuInS2  thin  films,  and  make 
it  possible  to  eleminate  using  the  KCN  etching  process  in  fabricating  CuInS2-based  solar 
cells.  Improvement  of  the  surface  morphology  is  expected  as  well. 

A  bi-layer  structure  is  proposed  for  resolving  the  problem,  beginning  with  Cu-rich 
CuInS2  film  and  completing  the  deposition  with  In-rich  CuInSe2.  In  that  case,  a 
selenium-based  surface  phase  will  form  instead  of  sulfur-based  surface  phase  while 
maintaining  the  stoichiometric  composition  of  CuInS2  in  the  bulk  region.  The  selenium- 
based  surface  phase  is  much  less  compensating  of  hole  carriers.  This  should  result  in 
higher  carrier  concentration  in  the  absorber  layer.  This  research  will  help  to  produce  a 
wide  band  gap  thin  film  (~1.4eV)  with  acceptable  hole  concentration. 
7.2.2    Electronic  and  Structural  Properties  of  CuInS2  Thin  Films 

With  the  ideal  band  gap  energy,  CuInS2  can  be  applied  for  both  single  junction  thin- 
film  solar  cell  as  well  as  top  junction  of  a  tandem  device  (Alt  1997).  For  this  reason, 
many  researchers  have  been  trying  to  fabricate  the  sulfur-based  chalcopyrite  thin  film 
solar  cells;  however,  its  performance  considerably  falls  behind  the  values  achieved  with 
CuInSe2  absorbers  to  date  (Nakabayashi  1997,  Negami  1997).  It  is  believed  that  one  of 
the  main  reasons  for  the  poor  efficiency  comes  from  the  intrinsic  material  properties  of 
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the  In-rich  CuInS2  absorber  layer.  It  somehow  leads  to  very  low  carrier  concentration  in 
In-rich  CuInS2  films.  Although  numerous  efforts  have  been  made  to  improve  the 
electrical  property  (mostly  carrier  concentration)  of  the  material,  the  result  has  not  been 
successful  to  date. 

Various  deposition  techniques  have  been  used  to  grow  thin  film  CuInS2.  Reasonable 
efficiencies  (10  to  12%)  could  be  achieved  by  a  three  source  co-evaporation  (Scheer 
1993,  Braunger  1996)  and  a  two-step  process  using  H2S  (Ogawa  1994,  Nakada  1997)  or 
elemental  sulfur  vapor  (Klenk  1997).  The  CuInS2-based  material  studied  are  ternary, 
quaternary,  and  pentanary  species  such  as  CuInS2,  CuIn(S,Se)2  (Eisener  2000,  Zeaiter 
2000,  Adurojija  1999)  and  Cu(In,Ga)(S,Se)2  (Nakada  1997). 

The  structural  and  electronic  properties  of  CuInS2  thin  films  strongly  depend  on  the 
composition  ratio  between  Cu  and  In,  [Cu]/[In],  as  other  chalcopyrite  materials  (Scheer 
1994).  It  shows  very  similar  behavior  to  the  other  CuInSe2-based  thin  films  in  many 
aspects.  For  example,  it  has  been  found  that  Cu-rich  CuInS2  films  exhibit  a  considerably 
larger  grain  size  and  the  surface  is  covered  with  CuS  phase  that  represents  a  semi- 
metallic  phase  (Scheer  1994,  Scheer  1995).  This  secondary  phase  is  a  degenerate  p-type 
and  detrimental  to  the  photovoltaic  devices  similarly  as  the  Cu-Se  secondary  phases  in 
the  CuInSe2.  Cu-S  phases  can  be  selectively  removed  by  etching  process  using  KCN 
solution.  Most  of  the  CuInS2-based  solar  cells  were  fabricated  growing  the  Cu-rich  thin 
film  and  etching  out  the  Cu-S  phases  (Figure  7.3). 

For  In-rich  films,  it  was  found  that  even  slightly  In-rich  composition  in  the  bulk  leads 
to  drastic  indium  enrichment  on  the  surface  (In/(In+Cu)  ~  0.75)  (Scheer  1994).  The 
respective  surface  composition  for  the  In-rich  film  corresponds  to  the  stoichiometry  of 
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C11I113S5.  It  is  well  known  that  CuI^Ses  is  a  dominant  surface  phase  in  In-rich  CuInSe2 
thin  films  and  a  strongly  compensated  n-type  material.  The  CuI^Ss  is  even  more 
strongly  compensated  phase  (stronger  n-type)  due  to  its  intrinsic  material  property.  It  can 
be  inferred  that  the  existence  and  amount  of  the  indium-rich  secondary  phase  in  CuInS2 
thin  film  may  significantly  affect  the  electrical  properties  of  the  absorber  layer. 

A  single  layer  of  as-grown  In-rich  CuInS2  contains  a  large  portion  of  the  indium-rich 
secondary  phases,  CuI^Ss  (Figure  7.4).  The  single  layers  are  known  for  having 
extremely  low  concentration  of  hole  carriers  so  that  it  cannot  be  applied  for  the  solar  cells 
as  mentioned  above.  Most  of  the  CuInS2  solar  cells  that  attained  reasonable  efficiency 
were  fabricated  growing  Cu-rich  thin  film  and  etching  out  the  Cu-rich  secondary  phases 
(Figure  7.3).  It  is  pointed  out  that  formation  of  the  In-rich  secondary  phase  can  be 
possibly  prevented  or  minimized  by  that  technique.  The  reason  of  such  a  low  carrier 
concentration  in  the  In-rich  CuInS2  may  be  the  large  portion  of  the  In-rich  secondary 
phases  that  strongly  compensates  the  p-type  carriers.  The  etching  process  is  a  drawback 
due  to  its  toxicity;  hence,  it  should  be  avoided  after  all  for  commercial  applications. 
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Figure  7.3    A  typical  process  for  CuInS2  absorber  layer:  Cu-rich  CuInS2  thin  film  is 
grown  and  the  secondary  phase  on  the  surface  is  etched  out  by  KCN  solution. 
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Figure  7.4    Schematic  structure  of  an  as-grown  single  layer  of  the  In-rich  CuInS2. 

As  for  CuInSe2  thin  films,  high  crystalline  CuInSe2  thin  film  can  be  grown  without  the 
KCN  treatment  by  adopting  the  bi-layer  growth  process.  Cu-rich  CuInSe2  thin  film  is 
first  grown  and  followed  by  deposition  of  In-rich  CuInSe2.  The  latter  step  converts  the 
overall  composition  from  Cu-rich  to  slightly  In-rich.  The  same  technique  has  been  tried 
for  growing  CuInS2  of  high  carrier  concentration;  however,  the  results  have  not  been 
successful  to  date.  One  possible  explanation  is  that  the  In-rich  secondary  phase,  e.g., 
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CuIn3S5  can  still  form  on  the  surface  region.  Co-deposition  of  sulfur  and  selenium  has 
been  also  conducted  (Eisener  2000,  Zeaiter  2000);  however,  the  reproducibility  of 
controlling  the  composition  of  each  material  is  a  challenge.  In  addition,  added  selenium 
will  reduce  the  energy  band  gap  from  the  ideal  value. 

As  for  Cu-rich  films,  the  Fermi  level  was  found  approximately  at  the  valence  band 
maximum,  EF-EV  =  0.0  eV,  which  refers  to  a  degenerate  p-type  character  of  these  films 
(Scheer  1994).  The  Fermi  level  at  the  surface  of  the  base  material  is  found  at  Ef-Ev  =  0.5 
eV,  after  removing  the  CuS  phase  at  the  surface.  The  removal  of  CuS  is  indicated  by  the 
complete  recovery  of  the  CuInS2  valence  band  structure.  The  Fermi  level  in  In-rich  films 
was  found  to  be  approximately  1 .3  eV  from  the  valence  band  maximum  indicating  n-type 
conductivity  of  the  surface  phase. 

From  the  discussion  above,  it  can  be  concluded  that  the  surface  properties  (structural 
and  electronic)  are  highly  sensitive  for  alterations  in  the  CuInS2  bulk  stoichiometry.  In 
addition,  the  surface  phases  very  likely  play  an  important  role  in  determining  the  overall 
electronic  properties  (conductivity,  built-in  electric  field  and  carrier  concentration)  and 
forming  a  homogeneous  p-n  junction,  as  in  the  case  of  CuInSe2.  Therefore,  controlling 
the  surface  phase  and  its  properties  will  bring  a  break-through  in  improving  the 
performance  of  CuInS2-based  solar  cells. 

Extensive  study  on  the  issue,  correlation  between  the  electronic  properties  and  the 
experimental  parameters,  need  to  be  conducted  to  better  understand  the  fundamentals  and 
jump  to  the  next  level  of  the  wide  band  gap  application  in  solar  cells.  The  University  of 
Florida  facility  has  a  unique  capability  of  depositing  selenium  and  sulfur  sources 
sequentially  or  simultaneously.  It  is  appropriate  for  engineering  of  band  gap  and  other 
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parameters.  The  effect  of  adding  certain  species,  e.g.,  sodium  on  the  structural  and 

electronic  properties  can  be  investigated  as  well. 

7.2.3    Bi-Iayer  Structure  for  CuInS2-based  Absorber  Layer 

A  new  growth  process  is  being  considered  for  CuInS2  thin  film  growth  to  improve  the 
electrical  properties  and  avoid  the  KCN  treatment  at  the  same  time.  The  first  and  most 
important  goal  in  this  research  is  to  increase  the  carrier  concentration  of  CuInS2  thin  films 
without  any  wet  etching  process.  As  mentioned  above,  even  slightly  In-rich  film  shows 
extremely  low  carrier  concentration  since  the  indium-rich  phase  is  very  strongly 
compensated.  To  date,  the  only  method  of  achieving  the  reasonable  level  of  carrier 
concentration  in  CuInS2  thin  film  is  growing  a  Cu-rich  film  and  etching  the  secondary 
Cu-S  phase  afterwards.  This  method  seems  to  minimize  the  In-rich  phase  and  more 
importantly  prevents  formation  of  the  indium-rich  secondary  phase  i.e.  CuI^Ss  on  the 
surface  region.  It  is  believed  that  these  are  the  key  factors  in  determining  the  electrical 
properties  of  the  entire  absorber  layer.  However,  the  wet  etching  process  needs  to  be 
avoided  the  toxicity  of  the  etching  solution  (KCN)  and  the  wet  process  are  not 
appropriate  for  a  commercial  application. 

As  a  summary,  to  deposit  a  wide  band  gap  absorber  layer,  the  following  conditions 
should  be  fulfilled:  (1)  Most  of  the  film  is  the  wide  band  gap  material  (CuInS2),  (2) 
Certain  level  of  hole  concentration  should  be  achieved  (1016  to  1017  cm'3),  and  (3)  Wet 
etching  should  not  be  used. 

The  composition  of  bulk  material  need  to  be  maintained  close  to  stoichiometry  to 
obtain  high  carrier  concentration,  while  the  overall  composition  should  be  slightly  In-rich 
so  not  to  introduce  the  detrimental  secondary  phases,  Cu-S.  To  satisfy  both  restrictions,  a 
double-  or  bi-  layer  structure  is  an  appropriate  approach. 
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A  proposed  bi-layer  structure  that  is  sequentially  deposited,  to  fulfill  both  goals  is 
shown  in  Figure  7.5.  First,  Cu-rich  CuInS2  film  will  be  grown  during  the  initial  growth 
stage.  Then,  sulfur  flux  will  be  changed  to  selenium.  Simultaneously,  the  vapor  phase 
from  the  source  fluxes  will  be  converted  into  In-rich  environment  by  increasing  the  flux 
ratio,  [In]/[Cu].  As  a  result,  most  of  the  bulk  region  is  expected  to  be  stoichiometric  or 
slightly  In-rich  CuInS2,  while  the  surface  phase  is  the  In-rich  secondary  phase  that  is 
based  on  selenium  instead  of  sulfur.  The  selenium-based  surface  phase,  e.g.,  CuI^Ses 
will  be  much  less  compensating  the  hole  carriers.  This  may  result  in  a  higher  carrier 
concentration  in  the  absorber  layer.  This  process  will  produce  a  wide  band  gap  thin  film 
(~1.4eV)  with  acceptable  hole  concentration.  We  think  that  formation  of  the  sulfur-based 
indium-rich  surface  phases  that  strongly  compensate  the  hole  carries  (p-type  carrier),  can 
be  controlled  or  prevented  by  the  process  proposed  here. 
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Figure  7.5    Bi-layer  process  for  CuInS2  absorber  layer  deposition  to  prevent  the 
formation  of  the  In-rich  CuInS2  secondary  phase,  CuIn3S5. 
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7.3    Continuous  Deposition  of  Cd-free  Buffer  Layers  without  Breaking  Vacuum 

7.3.1  Background 

The  buffer  layer  is  an  important  factor  for  overall  performance  (efficiency)  of  CIS- 
based  solar  cells,  especially  for  the  high  efficiency  solar  cells.  It  is  believed  that  the 
buffer  layer  is  related  to  the  p-n  junction  formation  and  acts  as  a  carriers  trap;  hence, 
significantly  affects  the  electrical  property  of  the  device.  To  date,  CdS  growth  by 
chemical  bath  deposition  (CBD)  shows  the  best  result.  However,  the  CBD  CdS  process 
is  considered  an  obstacle  for  commercial  application  of  the  CIS  solar  cell  due  to  its 
detrimental  effect  on  the  environment,  and  potentially  has  a  contamination  problem 
during  the  process.  A  new  buffer  layer  process  that  is  clean  and  compatible  with  vacuum 
growth  process  can  be  very  advantageous  for  commercial  application. 

Some  reports  show  the  possibility  of  using  a  InS  or  InSe  thin  layer  as  the  alternative 
for  the  CBD-grown  CdS  (Barreau  2000,  Yousfi  2000).  Unique  capabilities  of  our 
system,  atomic  layer  deposition  and  being  equipped  with  both  of  selenium  and  sulfur 
sources,  give  us  great  opportunity  of  exploring  this  topic.  To  minimize  the  buffer  layer 
thickness,  in  my  opinion,  RTP  can  be  used  as  a  post  deposition  process.  After  deposition 
of  the  InS  or  InSe  thin  layers  (<50nm)  under  low  temperature  conditions,  RTP  will  be 
used  for  crystallization  and  chemical  bonding  of  the  deposited  films.  The  superior 
temperature  controllability  and  more  sophisticated  control  capability  of  the  combined 
process  will  be  advantageous  in  the  thickness  control  over  the  typical  CBD  process. 

7.3.2  Alternative  Buffer  Layers 

To  date,  the  best  solar  cell  performance  has  been  achieved  by  involving  CBD-grown 
CdS  buffer  layers.  CBD-grown  CdS  has  its  own  advantages,  such  as  the  simplicity  of  the 
process,  good  reproducibility,  and  fitting  with  large  area  processing.  However,  there  is  a 
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considerable  interest  in  replacing  CdS  by  a  cadmium-free  buffer  layer,  for  environmental 
reason  and  possible  gains  in  efficiency  associated  with  larger  band  gap  energy.  In  a 
NREL  report,  they  mentioned  the  importance  of  replacing  CdS  buffer  layer  by  a 
cadmium-free  layer  to  give  the  technology  a  "green"  (environmentally  friendly) 
appearance.  There  is  a  great  deal  of  research  under  way  in  Japan,  Germany,  and  the 
United  States  to  replace  the  CBD  CdS  by  other  candidates,  such  as  In(OH)2,  InxSy, 
InxSey,  Sn02,  ZnO,  ZnSe  or  ZnS  (Barreau  2000,  Yousfi  2000,  Yousfi  1997,  Bayon  1999). 

Among  these  materials,  it  is  suggested  that  InxSy  and  InxSey  are  good  candidates  in 
that  our  system  has  capability  of  depositing  both  materials  and  their  growth  is  compatible 
with  vacuum  process.  Deposition  of  the  buffer  layer  without  breaking  vacuum  after  the 
absorber  layer  growth  has  a  big  advantage  since  it  will  significantly  reduce  not  only  the 
processing  time  but  also  the  possibility  of  contamination  problem. 
7.3.3    Growth  Process  and  Properties  of  Indium  Sulfide  and  Indium  Selenide 

Several  different  processes  have  been  adopted  to  grow  the  binary  phase  films,  InS  and 

InSe.  Thin  films  of  pMn2S3  were  obtained  by  physical  vapor  deposition  process  followed 
by  a  post-annealing  (Barreau  2000).  The  deposition  of  the  film  was  carried  out  by 
vacuum  thermal  evaporation  at  a  gas  pressure  of  5x1 0"4  Pa  using  crucibles  for  each 
source.  According  to  their  result,  some  oxygen  is  substituted  for  sulfur  during  the 
crystallization  of  the  films.  The  atomic  percentage  of  oxygen  was  3  to  5%,  and  the  band 
gap  of  the  film  changed  from  2.1  eV  for  pure  In2S3  to  2.9  eV  with  oxygen  incorporation. 
This  result  attracts  additional  interest  in  the  material  and  the  corresponding  process  since 
the  band  gap  is  one  of  the  primary  parameters  that  determine  the  quality  of  buffer  layers. 
Higher  band  gap  value  results  in  less  absorption  of  the  sun  light  through  the  buffer  layer; 
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hence,  it  usually  leads  to  higher  efficiency  of  the  solar  cell  device.  Compared  to  the  band 
gap  of  CdS,  2.4eV,  indium  sulfide  can  be  made  to  have  a  higher  band  gap.  The  fact  that 
the  band  gap  of  indium  can  be  engineered  by  additional  process,  such  as  adding  oxygen 
during  growth,  is  additional  potential  benefit  from  the  indium  sulfide  films.  They  also 
reported  a  high  transmission,  covering  efficiency  and  n-type  conductivity  that  are 
necessarily  required  as  a  candidate  for  buffer  layers. 

Some  solar  cell  devices  have  been  fabricated  using  indium  sulfide  buffer  layer  (Yousfi 
2000).  Their  best  result  was  an  efficiency  of  13.5%  that  is  similar  to  that  from  using 
CBD-grown  CdS  buffer  layer.  Atomic  layer  epitaxy  process  was  used  for  deposition  of 
the  buffer  layer  and  the  ZnO  window  layer  in  their  experiments  to  minimize  the 
sputtering  damage  and  employ  a  high  controllability  of  the  process.  The  University  of 
Florida  growth  system  has  a  similar  feature  to  the  ALE  process  (see  the  system 
description,  Chapter  1 .5). 

A  research  group  obtained  InSe  polycrystalline  films  from  indium  selenide  by  thermal 
evaporation  onto  glass  substrates  (Parlak  1995).  The  composition  and  the  phase  of  the 
films  varied  from  In48.13Se51.g7to  In46.66Se53.44  depending  on  a  post-annealing  process. 
Indium  selenide  thin  films  can  be  also  grown  from  other  methods,  such  as  molecular 
beam  epitaxy  and  flash  evaporation  (Mien  1990,  Ohtake  1997).  It  seems  to  be  hard  to 
prepare  high  quality  InSe  films  due  to  the  coexistence  of  several  indium  selenide  phases 
(Segura  1983).  It  has  been  also  considered  as  a  suitable  absorber  layer  because  of  its 
energy  band  gap  (1.3eV)  and  its  optical  and  transport  properties  (Sanchez-Royo  1997, 
Segura  1983);  however,  the  band  gap  does  not  seem  to  be  high  enough  for  buffer  layer 
application.  Therefore,  we  think  that  engineering  the  surface  phase  of  absorber  layers 
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with  this  material  is  more  appropriate  approach  rather  than  using  it  directly  as  a  buffer 
layer  at  this  point. 
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